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3ABSTRACT
Several proteins play a crucial role in the formation o f the pre-replication 
complex (pre-RC) in eukaryotes: origin recognition complex (ORC), CDC6 and 
minichromosome maintenance proteins (MCM). In yeast, these proteins associate with 
DNA in a sequence-specific manner during the cell cycle. Archaea, the third kingdom 
of life, are believed to replicate DNA in a eukaryote-like fashion. Most archaeal species 
encode single MCM and two CDC6/ORC proteins. The reduced number of replication 
proteins suggests that archaea may provide a simplified model for assembly of the 
machinery required for initiation of eukaryotic DNA replication.
This thesis describes a biochemical analysis o f the proteins involved in the 
formation of pre-replication complex (pre-RC) in Archaea. The yeast two-hybrid 
system was employed to identify protein-protein interactions within the pre-replication 
complex of two archaeal species Archaeoglobus fulgidus and Aeropyrum pernix. A 
library of truncated MCM proteins was used to identify a region that appears to be 
responsible for hexamerisation of MCM.
The pre-RC proteins of archaea belong to the AAA+ family of ATPases. AAA+ 
proteins function as ATP-driven conformational switches that can mediate the 
assembly, remodelling, or disassembly of protein complexes. Thus, the assembly of the 
replication initiation complex may involve an ordered sequence o f ATP coupled 
conformational changes. A variety of biochemical techniques were used to investigate 
the relationship between ATP hydrolysis, DNA binding and protein interactions within 
the pre-RC of Archaea.
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CHAPTER 1 
INTRODUCTION
Introduction 17
"A phylogenetic analysis based upon ribosomal RNA 
sequence characterisation reveals that living systems represent 
one of three aboriginal lines of descent: i) the eubacteria, 
comprising all typical bacteria; ii) the archaebacteria, 
containing methanogenic bacteria; and iii) the urkaryotes, 
now represented in the cytoplasmic component of eukaryotic 
cells."
CR Woese and GE Fox, 1977
1.1. Archaea-the third domain of life
These words marked one of the most important scientific discoveries of 
modem times-the three-domain classification of life. Based on analysis o f the small 
subunit ribosomal RNA nucleotide sequence, Woese and Fox found a new group of 
prokaryotic microorganisms, which are no more related to bacteria than they are to 
eukaryotes (Woese and Fox, 1977). Initially, this group was named archaeabacteria, 
but subsequently this name was shortened to archaea (Woese et al., 1990).
Phylogenetic analysis based on 16S rRNA divided archaea into two major 
kingdoms: euryarchaeota and crenarchaeota (Woese et al., 1990). Euryarchaeota is 
the most diverse group and includes hypertherm ophiles, m ethanogens, 
thermoacidophiles and halophiles. The crenarchaeota are less diverse and include 
hyperthermophiles, psychrophiles and thermoacidophiles. Unlike euryarchaeota, 
crenarchaeota lack bacterial cell division proteins, eukaryal-like histones and RPA- 
like proteins. In addition to the above archaeal groups, two minor kingdoms have 
been proposed-korarchaeota (Bams et al., 1996) and nanoarchaea (Huber et al., 2002; 
Huber et al., 2003). The existence of korarchaeota was deduced from small subunit 
rDNA sequence data, but the isolation and cultivation of korarchaeal organisms has 
not yet been reported. Nanoarchaea are believed to have the smallest genomes of all 
known cellular life forms (Fig. 1.1).
Despite their unique peculiarities, phylogenetic analysis of archaeal genomes 
has revealed that they exhibit a mixture of features from both prokaryotes and 
eukaryotes. Like bacteria, archaea have a prokaryotic cell morphology showing an
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absence of nuclear structures, cytoskeleton and organelles (Edgell and Doolittle, 
1997; Olsen and Woese, 1997) and bidirectional chromosomal replication (Koonin et 
al., 1997; Jain et al., 1999; Forterre et al.t 2002). However, sequence information 
from several archaeal genomes revealed striking differences between archaea and 
bacteria in the organisation of their information-processing systems. The structures of 
ribosomes and chromatin, the presence of histones, and sequence similarity between 
proteins involved in replication, transcription, translation and DNA repair all suggest 
a closer relationship between archaea and eukaryotes than between either of these and 
bacteria (Sandman and Reeve, 2000; Kelman, 2000; Bell and Jackson, 2001; 
MacNeill, 2001; Forterre et al., 2002; Kelman and Kelman, 2003; Reeve, 2003). 
Despite their mosaic nature, archaea are considered a monophyletic group, with most 
encoded proteins more similar to other archaeal proteins than those of bacteria and 
eukarya (Forterre et al., 2002). However, because a subset of eukaryotic proteins are 
found in archaea, archaea are extensively used as a simple model system for studying 
complex eukaryotic processes such as DNA replication, transcription and translation.
ArchaeoglobusMethanothermobacter
Methanoococcus HaloferaxBacillus
Synechococcus Pyrococcu
HalobacteriumAeropyrumDeinococcus
Escherichia MethanosarcinSulfolobusPyrobaculu
Bacteroides
HomoThermatoga
ZeaNanoarchaeunt
Aquifex
Saccharomysec
Ttypanosoma Paramecium
^  Giardia
Microsporidia
Fig. 1.1 The three domains of life-bacteria (green oval), eukarya (yellow oval), and archaea with its two kingdoms:
euryarchaeota (light blue) and crenarchaeota (tan oval).
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1.2 Initiation of DNA replication
DNA replication is an essential process in both prokaryotic and eukaryotic 
organisms that must occur in order for cells to divide and proliferate. Initiation of 
DNA synthesis is precisely regulated during the cell cycle so that each newly divided 
daughter cell will receive the same complete genome copy. In all organisms this 
process begins with recognition of the replication origin by an origin binding protein 
and subsequent local unwinding of that region. In bacteria, chromosomal replication 
starts from a single origin, while in eukaryotes multiple replication origins are 
required. In archaea, some species (eg. Pyroccocus) (Matsunaga et al., 2001) use 
single origins, while others use multiple origins (eg. Sulfolobus) (Kelman and 
Kelman, 2003).
Replication origins are recognised by initiator proteins. Initiator proteins were 
first proposed by Jacob and co-workers to be essential trans-acting factors for the 
initiation of DNA replication (Jacob et a l, 1964). The initiator of DNA replication 
guides the replication machinery to the origin, helps to unwind the origin by using an 
intrinsic or associated helicase and links cell cycle control to origin activation 
(Komberg and Baker, 1992; Baker and Bell, 1998).
Replicative helicases are motor proteins, which translocate directionally 
through double-stranded origin DNA separating it into its single strands. Since the 
reaction is thermodynamically unfavourable it is coupled to the hydrolysis of 
nucleoside triphosphates (NTP).
The structure of a number of replicative helicases have been determined in 
using X-ray crystallography and electron microscopy and have revealed hexameric 
ring structures (reviewed by Hingorani and O'Donnell, 2000). An obvious reason for 
a ring structure is to unable high processivity required for the catalyses of the genome 
replication. By encircling the DNA, the ring protein becomes topologically linked to 
the DNA, allowing it to stay on the DNA for longer. It had been suggested that the 
replication helicases from bacteria, eukarya and archaea bind DNA in their central 
cavity (Bujalowski and Jezewska, 1995; Kaplan, 2000; Kaplan, 2003). This binding
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of the DNA in the central channel together with the ring structure decrease the 
possibility of complete dissociation of these helicases from the DNA and ensures 
good processivity.
The replication process in all organisms begins with the ordered assembly of a 
multiprotein complex, called pre-replication complex (pre-RC). Formation of the pre- 
RC complex in both prokaryotes and eukaryotes involves marking of the replication 
origin by an origin binding protein, followed by loading of the replicative helicase.
Some of the of the prokaryotic and eukaryotic pre-RC proteins belong to the 
AAA+ family of ATPases. AAA+ proteins function as ATP-driven conformational 
switches that can mediate the assembly, remodelling, or disassembly o f protein 
complexes. The AAA+ proteins share a common structure, consisting of an amino- 
terminal mononucleotide-binding fold and a carboxy-terminal helical domain. Each 
of them contain highly conserved Walker A and Walker B motifs. The Walker A 
motif, which is also referred to as the P-loop, is involved in binding the triphosphate 
tail o f the NTP (Walker et al., 1982). It also contains the invariant lysine residue, 
which directly interacts with the phosphatyl group of bound ATP. The Walker A 
motif also contains a conserved threonine residue which co-ordinates the Mg2+ ion 
required for ATP hydrolysis. The Walker B motif has a hydrophobic structure. The 
acidic residues within this motif play an essential role in coordinating the Mg . It is 
postulated that Walker B motif is involved in ATP hydrolysis, rather than ATP 
binding (Pause and Sonenberg, 1992; Brosh and Matson, 1995).
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1.3 Origin binding in bacteria
2.3.1 Bacterial replication origins
Among bacteria, E.coli has the best characterised initiation process. Initiation 
of chromosome replication in E.coli is a complex process involving several different 
proteins, the most prominent being the DnaA protein (Komberg and Baker, 1992). 
Bacterial initiator protein DnaA recognises and binds DNA in a sequence-specific 
manner to multiple sites within the single origin (oriC) (reviewed by Giraldo, 2003). 
In vitro studies suggest that DnaA is bound to ATP or ADP but only the DnaA-ATP 
complex is able to initiate replication at oriC (Sekimizu et al., 1988). In the E.coli 
chromosome, 308 different recognition sites for DnaA (DnaA boxes) have been 
found with the following consensus sequence: TTAT(C/A)CA(C/A)A. Each of these 
boxes exhibits different affinity to DnaA (Schaper and Messer, 1995). Eight of them 
have been shown to bind preferentially to DnaA. Three of these sites are bound with 
high to medium affinity (R l, R4 and R2) and five are with lower affinity (R5(M), 12, 
13, II and R3) (Fuller et al., 1984; Matsui et al., 1985, Grimwade et al., 2000). The R 
boxes can bind inactive DnaA-ADP and active DnaA-ATP with equal affinity 
(Sekimizu et al., 1987; Schaper and Messer, 1995). The higher affinity R boxes have 
a consensus sequence 5' TGTGNAT/AAA. The I boxes differ from the R box 
consensus at 3-4 bases and exhibit a preference for binding DnaA-ATP (Ryan et al., 
2002; McGarry, 2004). The main difference between the I sites and the R boxes 
therefore is their binding affinity for DnaA-ADP. McGarry and co workers suggested 
that the third base of either 12 or 13 is the main factor that triggers discrimination 
between DnaA-ADP and DnaA-ATP forms (McGarry et al., 2004).
The interaction of DnaA with oriC is switch-like, with high affinity sites R4, 
Rl and R2 filled throughout most of the cell cycle and weaker sites R5(M), II, 12,13 
and R3 only filled immediately before the onset of DNA synthesis (Samitt et al., 
1989; Cassier et al., 1995, Ryan et al., 2002). The order of DnaA recognition site
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loading in vitro is R4,R1>R2>R5(M),I2>I3>I1>R3 (Margulies and Kaguni, 1996; 
Weigel et al., 1997; Grimwade et al., 2000; Ryan et al., 2002).
ATP binding is not required for the binding of DnaA to the R boxes from 
oriC, but is essential for its specific binding to six secondary sites (named ATP-DnaA 
boxes) found in the three 13-mer AT-rich repeats adjacent to Rl box (Speck et al., 
1999; Speck and Messer, 2001). Co-operative binding of DnaA to the Rl and the 
ATP-DnaA boxes results in DNA unwinding stabilisation of the single strands by 
DnaA-ATP (Speck and Messer, 2001) and loading of the DnaB helicase (Davey et 
a l , 2002) (Fig. 1.2).
In most of the bacterial origins, the DnaA boxes are organised in clusters. 
There are two hypotheses concerning the numbers of DnaA box clusters (Mackiewicz 
et al., 2004). It is possible that more than one cluster participates in the initiation of 
replication. For example, the oriC of B.subtilis is composed of two DnaA clusters that 
are both required for a functional origin. However, in Mycobacterium, only one of the 
two clusters acts as an origin (Madiraju et al., 1999). The second hypothesis suggests 
that clusters of DnaA boxes may be responsible for the negative regulation of DNA 
replication by reducing the levels of free DnaA protein.
g—B—TTV  ^1Fis FT^T-BH R4
Step 1: DnaA binds to the oriC boxes I DnaA
1 1 1 1  i i  • IHF •  jjEh •
Step 2: DnaA binds to the DnaA-ATP boxes at 
the AT-rich region
l
IHF
Step 3: Unwinding of the AT-rich region I
Fig. 1.2 DnaA-dependent unwinding reaction at oriC. The yellow colour represents the R boxes, the brown colour-the I boxes. 
The red colour represents the DnaA-ATP boxes located within the AT-rich regions on the left. The resulting ssDNA from the 
unwinding reaction will then be bound by the DnaB helicase. The binding sites for IHF and FIS are shown (Ryan et a l , 2004).
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1.3.2 DnaA protein
DnaA protein is the universal initiator of chromosomal DNA replication in all 
bacteria characterised to date. DnaA is not only an origin specific binding protein that 
starts bacterial replication, but also a key regulator of the bacterial cell cycle (Boye et 
al., 2000).
About 20 molecules of DnaA protein bind co-operatively to the five DnaA 
boxes (Rl-5) in the oriC of the chromosome. It is thought that this binding induces a 
strain on the hydrogen bonding between sister DNA strands, which causes local 
distortion of an AT-rich region located near the left boundary of oriC to form an open 
complex in an ATP-dependent manner (Sekimizu et al., 1987; Bramhill and 
Komberg, 1988; Skarstad et al., 1990; Hwang and Komberg, 1992). This process has 
been extensively studied in E.coli. DnaA binds a single DnaA box from oriC  as a 
monomer. Binding to a fragment containing several DnaA boxes though resulted in 
the formation of high molecular mass nucleoprotein complexes (Schaper and Messer, 
1995; Zawilak et al., 2003). Recent studies suggest that tryptophan 6 from the N- 
terminus of DnaA is responsible for the self-oligomerisation of DnaA, which leads to 
the loading of DnaB helicase at oriC (Felczak et al., 2005).
Based on sequence similarities across different bacterial species (Messer et 
al.9 2002), four domains of DnaA have been detected and characterised. Two of these 
domains have been mapped on a predicted three-dimensional structure of E.coli 
DnaA. This predicted structure was obtained by homology modelling using the 
crystal structure of the corresponding C-terminal two-thirds of Aquifex aeolicus 
DnaA (Erzberger et al., 2002) (Fig. 1.3).
In E.coli, DnaA domain I is moderately conserved and includes a leucine 
zipper (LZ)-like oligomerisation motif (Weigel et al., 1999) and a binding site for the 
DnaB helicase (Sutton et al., 1998; Seitz et al., 2000). Domain II is less conserved 
among the bacterial species and acts as a linker, joining domain I and domain III. 
Walker A and Walker B motifs (Walker et al., 1982) are located within domain III. 
Domain III is divided into N-terminal subdomain-IIIa and C-terminal subdomain-
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Illb. The Walker A motif (the P-loop) contains the GX4GKT motif and is an ATP 
binding site. The Walker B motif contains the LLIDD motif and is responsible for 
ATP hydrolysis (Mizushima et al., 1998). Domain III also contains a conserved 
motif, the box VII motif, which is shared by the AAA+ family o f ATPases 
(Erzeberger et al., 2002; Koonin, 1993). The box VII motif of DnaA forms a small 
helix that helps create a bipartite ATP-binding site between adjacent protomers in 
AAA+ oligomers (Neuwald et al., 1999). Within the box VII motif, a conserved 
arginine residue reaches into the ATP-binding cleft to assist ATP hydrolysis or to 
transmit conformational signals between subunits by "sensing" whether hydrolysis 
has occurred. Mutation of this conserved arginine finger results in destabilisation of 
DnaA-oriC complexes and inactivates initiation at oriC (Felczak and Kaguni, 2004). 
Thus, box VII residues are essential for initiation of replication.
In the DnaA structure, the purine and ribose rings of ATP are held in a cavity 
formed by residues from the subdomains Ilia and Illb. Nucleotide binding and 
hydrolysis result in a change in the position of each subdomain with respect to each 
other (Erzberger et al., 2002; Wang et al., 2001). Domain III contains residues, which 
are believed to be an interaction site for DnaB helicase, as well as residues that 
comprise two potential a-helices that bind acidic phospholipids and alter the 
conformation of the domain to release ADP (Gamer and Crooke, 1996; Hase et al., 
1998; Makise et al., 2001; Zheng et al., 2001). Furthermore, the crystal structure of 
domain III and IV of the /leDnaA reveals that a long a-helix (a  12) connects domain 
III with the C-terminal DnaA binding domain IV (Fig. 1.3).
Domain IV consists of a typical helix-tum-helix motif (HTH) and a basic 
loop, which possibly makes a contact with the DNA minor groove or the phosphate 
backbone. The crystal structure of domain IV with a dsDnaA box (R l) shows that 
DnaA domain IV makes base-specific interactions with the major and minor grooves 
of the DnaA box (Fig. 1.4a) (Fujikawa et al., 2003). Previous biochemical 
experiments have suggested that upon binding, DnaA induces bending o f the DNA 
(Schaper and Messer, 1995). Indeed, for opening of the duplex DNA at or/C, the 
origin DNA has to become supercoiled (Komberg and Baker, 1992). The DnaA
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multimer formed at the origin is believed to wrap the oriC DNA by DNA bending at 
several points, thus introducing supercoiling. This DnaA multimer formation with 
DNA bending may be the basis for the initiation complex formation, which is the 
crucial step required for duplex opening (Fig. 1.4b)
E.coli DnaA organisation
A. aeolicus DnaA organisation
lll/IV
junction
a l l
c sensor-ll 
Walker-A,
,sensor-I
Walker-B
Fig. 1.3 Structure of DnaA. (A) Domain organisation of DnaA from E.coli and 
A. aeolicus; (B) Crystal structure of domain III and IV of A.aeolicus DnaA. 
Domains are coloured as follows: I-blue, II-green, Ilia-green, Illb, red, IV-gold. 
The bound nucleotide is shown in turquoise (Erzberger et al., 2002).
DnaA
Fig. 1.4 Crystal structure of DnaA domain IV complexed with DnaA 
box (Rl) DNA. (A) Overall structure of DnaA domain IV-DNA 
complex; (B) DNA bending induced upon DnaA binding by a base- 
specific interactions and the interactions with the backbone phosphate 
groups in the major and minor grooves (Fujikawa et al., 2003).
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1.3.3 Regulation of DNA replication initiation
To ensure precision in the triggering of new rounds of DNA synthesis, 
regulatory mechanisms must exist to limit the time required to assemble the pre­
replication complexes that unwind replication origin DNA. In bacteria, these 
regulatory mechanisms are most thoroughly studied in E.coli (Skarstad et al., 1986). 
When an utmost level of DnaA protein is reached within the cell, all origins are 
initiated virtually simultaneously (Skarstad et al., 1986). Synchronous initiation is 
generally explained by sequestration (inactivation) o f newly replicated and 
hemimethylated origins by the SeqA protein (von Freiesleben et al., 1994; Lu et al., 
1994; Campbell and Kleckner, 1990). This directs successive initiations to "old 
origins" only (Lobner-Olesen et al., 1994). However, sequestration o f newly 
replicated origins persists only for about one-third of the cell cycle and is therefore 
not sufficient for maintaining once-per-cell-cycle initiation at oriC. It is essential that 
the initiation potential is reduced by other means during sequestration. At least three 
mechanisms, all serving to lower the activity of the DnaA protein, are proposed to be 
important for lowering the initiation potential (reviewed in Boye et al., 2000). These 
are (i) sequestration of the dnaA gene promoter, which prevents de novo synthesis of 
DnaA protein (Campbell and Kleckner, 1990; Theisen et al., 1993); (ii) titration of 
DnaA protein to newly replicated chromosomal elements (Morigen, et al., 2001; 
Kitagawa et al., 1996; Kitagawa et al., 1998); and (iii) regulatory inactivation of 
DnaA (RIDA), which accelerates the hydrolysis o f ATP-DnaA, the form active for 
initiation, to inactive ADP-DnaA (Katayama et al., 1998).
Although it is not clear how synchronous initiation is achieved during the cell 
cycle, several oriC  binding proteins function as precision factors in the pre-RC 
assembly (Boye et al., 1993; Bahloul et al., 2001; Ryan et al., 2002). Two of these 
proteins are the DNA bending proteins IHF (Nash et al., 1996) and FIS (Finkel and 
Johnson, 1992). Cells lacking these proteins experience severe initiation asynchrony 
during rapid growth (Boye et al., 1993; Ryan et al., 2002).
Introduction 31
FIS and IHF proteins affect the DnaA-containing pre-RC differently. FIS 
inhibits in vitro DNA replication from oriC (Hiasa and Marians, 1994; Wold et al., 
1996; Margulies and Kaguni, 1998). FIS interacts at multiple sites within oriC, but 
the highest affinity binding site (primary site) is located immediately next to the R2 
box (Filutowicz et al., 1992) (Fig. 1.2). In living cells, FIS can be detected in its 
primary site throughout the majority of the cell cycle (Cassier et al., 1995). However, 
at the time of initiation of DNA synthesis, FIS binding is reduced.
The IHF protein plays a major role in stimulating the DnaA-induced oriC  
unwinding (Hwang and Komberg, 1992; Grimwade et al., 2000; Ryan et al., 2002). 
IHF protein binds to a unique site located between R1 and R5 (Polaczek, 1990) (Fig. 
1.2) and alters the interaction of DnaA with oriC in vitro (Grimwade et al., 2000; 
Ryan et al., 2002). Particularly, IHF stimulates redistribution of DnaA from high 
affinity to lower affinity sites (Grimwade et al., 2000). This IHF-induced 
redistribution of DnaA causes oriC unwinding at DnaA concentrations below those 
needed in the absence of IHF. IHF ability to redistribute DnaA to 12 and 13 sites may 
be the mechanism for its ability to stimulate unwinding (McGarry et al., 2004). 
Unlike FIS, IHF interacts with oriC during only a very short interval of the cell cycle, 
coincident with the onset of DNA synthesis (Cassier et al., 1995). It is likely that FIS 
and IHF act in opposition since they do not bind the oriC  simultaneously. The 
behaviour of DnaA, FIS and IHF binding therefore suggest that the assembly of pre- 
RC is an interactive process during the cell cycle, with each protein contributing, 
either positively or negatively, to oriC unwinding. A dynamic interplay exists among 
DnaA, FIS and IHF that affects loading of DnaA on oriC  (Ryan et al., 2004). In the 
presence of IHF alone, DnaA loading at weak affinity cites is continuous. However, 
in the presence of FIS and IHF, DnaA loading is suppressed at its weaker affinity 
sites until a DnaA concentration is reached that could overcome FIS repression and 
allow filling of all remaining DnaA binding sites simultaneously. FIS suppresses 
DnaA binding to weaker sites by competing with DnaA for overlapping FIS/DnaA 
sites. The suppression of DnaA binding at weaker sites allows accumulation of DnaA 
oligomers at the stronger sites that are necessary for open complex formation
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(Simmons et al., 2003). FIS acts as a repressor of IHF binding. When DnaA levels 
are high enough to displace FIS from its primary sites, IHF can bind quickly and 
redistribute DnaA from stronger to weaker sites overcoming the FIS repression 
(Grimwade et al., 2000; Ryan et al., 2002). It has been proposed that DnaA binding 
to R2 box weakens the ability o f FIS to repress IHF binding. R2 is located 
immediately next to the primary FIS site at oriC. R2 box has an intermediate affinity 
for DnaA, which can lead to displacement o f FIS protein at appropriate 
concentrations of DnaA, and triggering of oriC unwinding.
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1.4 Origin binding in eukaryotes
1.4.1 Eukaryal replication origins
In eukaryotic cells, DNA replication is initiated from multiple locations 
referred to as replication origins throughout each chromosome. The sequences 
required for an origin of replication vary significantly between different eukaryotic 
organisms.
In the budding yeast Saccharomyces cerevisiae, DNA sequences important for 
replication were first identified by ARS (autonomously replicating sequence) assays 
that determine whether a given DNA fragment initiates replication when placed on a 
plasmid (Stinchcomb et al., 1979). Three or four sequences of 10-15 base pairs (bp) 
spread over a few hundred base pairs in length are sufficient to act as an origin. These 
sequences include the highly conserved and essential A-element or autonomously 
replicating consensus sequence (ACS) (Palzkill and Newlon, 1998; Newlon and 
Theis, 1993), which is necessary but not sufficient for replication function 
(Marahrens and Stillman, 1992). The ACS is recognised in an ATP-dependent 
manner by the six-subunit origin recognition complex (ORC) (Bell and Stillman, 
1992; Klemm et al., 1997; Lee and Bell, 1997). In addition to the A element, ARS 
function requires an approximately 100-bp B domain, which is 3' o f the T-rich strand 
of the ACS. Domain B has been found to be composed of subdomains B l, B2 and 
B3. In S.cerevisiae, element B l contributes to ORC binding (Rao and Stillman, 
1995), element B3 binds the replication enhancing protein ABF1 (Walker et al., 
1990), while element B2 is believed to function as a DNA unwinding element (DUE). 
More recent analysis, however, suggests that B2 function requires sequence-specific 
contacts with the pre-replication complex (Wilmes and Bell, 2002) (Fig. 1.5). 
Identification of ARS sequences in other eukaryotes has been unsuccessful, 
suggesting that origins in other eukaryotes are not defined entirely by DNA sequence.
ARS elem ents have also been identified in the fission yeast 
Schizosaccharomyces pombe, but their sequence requirements are different. A much
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larger region of between 800-1000 bp is required to direct initiation in fission yeast 
(Clyne and Kelly, 1995; Dubey et al., 1994, Dubey et al., 1996). Detailed analysis of 
this region identified several AT-rich sequences of 20-50bp that are important for 
origin function (Okuno et al., 1999; Segurado et al., 2003) (Fig. 1.5).
In higher eukaryotes, the organisation of origins appears even more complex 
and difficult to define. Two-dimensional gel-electrophoresis techniques have revealed 
that metazoan origins were much larger and heterogeneous in size, ranging from 2kb 
to 55kb (Hamlin and Dijkwel, 1995; DePamphilis, 1999). These origins were referred 
to as broad initiation zones with DNA replication occurring at multiple sites within 
these replication zones. The replication origins of all eukaryotes direct the formation 
of a number of protein complexes leading to the assembly of two bidirectional DNA 
replication forks. These events are initiated by the formation of the pre-replicative 
complex (pre-RC) at the origins during G l. Pre-RC formation involves the ordered 
assembly of a number of replication factors including ORC, CDC6, CDT1 and MCM 
2-7.
1.4.2 Eukaryotic origin recognition complex (ORC)
The origin recognition complex (ORC) is a six-subunit complex that acts as 
the initiator at eukaryotic origins of replication. Initially, ORC was identified first in 
S.cerevisiae as a complex that binds to the conserved ACS (Bell and Stillman, 1992). 
Subsequent studies have now found that this complex is conserved in all eukaryotes 
(Romanowski et al., 1996; Rowles et al., 1996; Carpenter et al., 1996; Landis et al., 
1997; Chesnokov et al., 1999; Dhar et al., 2001).
Like the bacterial DnaA, the main role of ORC is to recognise and bind origin 
DNA. The complex nature of ORC interaction with DNA has made identification of 
ORC binding sites in the origin and DNA binding domains in ORC difficult.
In S.cerevisiae, ORC interacts with both A and B elements of yeast origins in 
an ATP dependent manner (Bell and Stillman, 1992, Rao and Stillman, 1995; Rowley
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et a l, 1995; Lee and Bell, 1997). All five ScORC subunits (ORClp-ORC5p) are 
required to recognise DNA, but only four of them (ORClp, 2p, 4p and 5p) are in 
close contact with the origin (Lee and Bell, 1997). ORC6p is not required for DNA 
binding, but is essential for DNA replication and cell viability (Li and Herskowitz, 
1993) (Fig. 1.5).
Interestingly, a C-terminal fragment of 5'cORC4p (Bell et al., 1995) shares 
sequence similarity with the plasmid replication initiation protein REP (Giraldo and 
Diaz-Orejas, 2001). Although this level of sequence identity is not obvious in 
standard database searches, it could conceal a true structural similarity. Indeed, a 
structural similarity between REP and ScORC4p includes common structural 
elements, such as a winged helix domain and a leucine-zipper (LZ) dimerisation 
motif.
Unlike ScORC, ORC derived from S.pombe {SpORC) has a defined DNA 
binding motif at the N-terminus of S/?ORC4p, which contains a repeated AT-hook 
region that is essential for S.pombe viability (Chuang and Kelly, 1999). Studies of 
this DNA binding motif show that the AT-hook region interacts preferentially with 
AT-rich DNA similarly to the A-rich nature of S.cerevisiae ACS (Chuang and Kelly, 
1999; Kong and DePamphilis, 2001; Lee et a l, 2001). In agreement with this, 
SpORC lacking this domain of «SpORC4p, exhibits reduced affinity for chromatin in 
vivo (Moon et al, 1999) (Fig. 1.5).
In Drosophila, the precise ORC binding site within replication origins has not 
been discovered. In vivo and in vitro studies indicate that the sequence specificity of 
DmORC binding is limited to an AT-rich 80-bp region adjacent to the start site of 
DNA replication (Austin et al., 1999; Chesnokov et a l, 2001; Bielinski et al, 2001). 
Both DNA binding and DNA replication require all six DmORC proteins (Chesnokov 
etal., 2001) (Fig. 1.5).
Targeting ORC to specific chromosomal locations could be accomplished 
through its interactions with another pre-RC component-CDC6. CDC6 modulates 
ORC binding by increasing the stability of ORC on chromatin (Harvey and Newport,
2003) and inhibits ORC binding to non-specific DNA (Mizushima et a l, 2000).
A S.cerevisiae
ABF1
B2B3 ACS
B S.pombe
AT-hooks
C D.melanogaster
- //■ACE3
Fig. 1.5 Association of ORC subunits with origins of replication. (A) In S.cerevisiae 
only subunits ScOrclp, 2p, 4p and 5p interact directly with the ACS and Bl region 
of the origin; (B) In S.pombe an AT hook region of S/?ORC4p interacts with the AT- 
rich region of the origin, (C) In D.melanogaster all six subunits of DmORC are 
required for binding to both ACE3 and ori-p elements of the third chromosome 
(Bell, 2002)
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Chromatin structure is another important factor for origin location. Recently it was 
shown that histone acetylation influences where initiation occurs in Drosophila 
(Aggarwal and Calvi, 2004) and Xenopus (Danis et al., 2001). Related to these 
findings, biochemical studies with DmORC reveal a preference for ORC binding to 
negatively supercoiled DNA over specific sequences (Remus et al, 2004), furthering 
the idea that ORC recognises three-dimensional structural elements.
Comparative studies show that ORC binds single-stranded DNA (ssDNA) 
with a similar affinity as the primary eukaryotic ssDNA binding factor RPA (Lee, 
2000). This is not surprising considering that the origin must unwind during 
replication initiation. The ORC-ssDNA interaction is not influenced by the DNA 
sequence or the presence of ATP, but is affected by the length of the ssDNA. The 
ORC domain required for ssDNA binding is not defined, but it is known that ORClp- 
ORC5p are essential (Lee et al., 2000).
ATP binding and hydrolysis are important for ORC function. ATP binding, 
but not hydrolysis, by ORClp is required for DNA binding (Bell and Stillman, 1992; 
Austin et al., 1999; Chesnokov et al., 2001; Klemm et al., 1997). Double-stranded 
origin DNA inhibits ATP hydrolysis of ORC in S.cerevisiae in a sequence-dependent 
manner, while ssDNA stimulates ATP hydrolysis in a length-dependent manner (Lee 
et al., 2000). These findings suggest that once bound to the origin, ORC is retained in 
an ATP-bound state and that DNA unwinding at the origin stimulates ATP hydrolysis 
by ORC. It is suggested that the ATP-bound conformation of ORC is needed for the 
interaction with CDC6 (Klemm and Bell, 2001).
Unlike ORC from S.cerevisiae, D rosophila  and X enopus, not all ORC 
subunits in fission yeast and mammalians remain tightly associated throughout the 
cell cycle (Moon et al., 1999; Natale et al., 2000; Thome et al., 2000, Kreitz et al., 
2001; Tatsumi et al., 2000; Saha et al., 1998; Okuno et al., 2001). This suggests the 
hypothesis that the six-subunit ORC may be assembled on the chromatin only during 
the G1 and S phase of the cell cycle. ORC binding to chromatin is regulated through 
the cell cycle in some but not all species. In S.cerevisiae, S.pom be  and 
D. melanogaster ORC is associated with origin sequences throughout the cell cycle
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(Ogawa et al, 1999; Aparicio et al., 1997; Santocanale and Diffley, 1996; Tanaka et 
al, 1997, Pak et al, 1997). However, in Xenopus and mammalians, the whole or at 
least part of the ORC complex is cleared from the chromatin during metaphase 
(Romanowski et al, 1996; Carpenter et al, 1996; Natale et al, 2000; Kreitz et al, 
2001; Tatsumi et al, 2000). The removal of ORC could help prevention of pre-RC 
formation before the completion of M phase.
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1.5 Origin binding in archaea
1.5.1 Archaeal replication origins
The first archaeal origin was predicted by skew analyses in Pyrococcus 
abyssi (Myllykallio et al., 2000). Subsequently, in silico and in vivo studies and two- 
dimensional gel electrophoresis confirmed that the P. abyssi origin is flanked by a 
gene encoding the archaeal homologue of the initiation protein ORC/CDC6 (Kelman 
and Kelman, 2003; Kelman, 2000; Matsunga et al., 2001). The replication origins of 
two other Pyrococcus species (P.horikoshii, P.furiosus) were identified (Salzberg et 
al., 1998; Lopez et al., 1999; Myllykallio et al., 2000; Matsunaga et al., 2001).
Bioinformatic analysis of the Halobacterium  strain NRC-1 genome had 
suggested multiple replication origins of the large chromosome, coincident with two 
of the three chromosomal orc/cdc6 genes (Kennedy et al., 2001). Later on that year, 
Berquist and DasSarma confirmed functionally one of these replication origins 
(Berquist and DasSarma, 2003). This single replicating sequence was located near 
one of the orc/cdc6 genes on the chromosome. Both orc/cdc6 genes and an AT-rich 
region are required for autonomous replication. In addition to Halobacterium strain 
NRC-1, two other halophiles H.marismortui and H.volcanii also contained this 
conserved region (Berquist and DasSarma, 2003).
Recently, three replication origins of the crenarchaeal S.acidocaldarius and 
S.solfataricus were revealed (Lundgren et al., 2004; Robinson et al., 2004). The 
number of replication origins in both Sulfolobus species correlates to the number of 
their ORC/CDC6 homologues (named CDC6-1, 2, 3). Only two of the three origins 
are located next to the orc/cdc6-J replication initiation gene. In two of the Sulfolobus 
origins a number of repeats of a conserved DNA sequence were observed (called 
Origin of Recognition Boxes-ORB). One of the origin binding proteins of Sulfolobus 
recognises three distinct ORB elements in one of the origins. The second OBP protein 
binds several different sites within the origin and one site that is bound by the first 
OBP. All three OBPs proteins bound to the overlapping sites in the second origin
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from both Sulfolobus species. Therefore, it has been proposed that one of the OBP 
acts as a repressor of replication, possibly by blocking access to the origins by 
residual OBP-1 and OBP-3 during the post-replicative G2 phase of the cell cycle and 
perhaps during the stationary phase (Robinson et al., 2004).
The ORB elements are functionally conserved between species from 
both the euryarchaeota and crenarchaeota kingdoms (Robinson et al., 2004). Thus, 
ORB elements may be a general feature of archaeal origins. A parallel may be drawn 
between archaeal and bacterial origins (Fig. 1.6). In bacteria, the origin binding boxes 
are also recognisably conserved between species (Messer et al., 2001).
A
E.coli origin
A/T 4  (zi 4
B
R1 R5 R2 R3 R4
S.solfataricus origin
¥ A/T *  4 ORC/CDC6 -1
2 3
M.thermoautotrophicum origin
A/T ORC/CDC6-1
1 2  3 4 5  6  7 8 9 10
Fig. 1.6 Comparison of bacterial and archaeal origins of replication. (A) Origin structure of E.coli] 
(B) Origin structure of crenarchaeal S.solfataricus; (C) Origin structure of euryarchaeal 
M.thermoautotrophicum. The arrows represent the repeats and their direction (Adapted from 
Cunningham and Berger, 2005).
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1.5.2 Archaeal ORC/CDC6 homologues
In most sequenced archaea, at least one homologue of ORC/CDC6 has been 
identified. Although the number o f the ORC/CDC6 homologues varies in the 
different archaeal species, most of them contain one or two copies (Myllykallio and 
Forterre, 2000). Only in two species (M.janaschii and M.kandleri) clear ORC/CDC6 
homologues have not been found (McNeill, 2001; Bohlke et al., 2002). It is 
questionable whether the archaeal ORC/CDC6 homologues function as ORC or 
CDC6, or both. As a result, different nomenclatures were adopted by different 
research labs.
A recent phylogenetic analysis of the archaeal ORC/CDC6 homologues has 
suggested that two principal groupings of ORC/CDC6s exist (Berquist and 
DasSarma, 2003; Singleton et al.y 2004). Species with multiple ORC/CDC6s have at 
least one member in both ORC/CDC6 groups. It has been proposed that in some 
archaeal species interplay between positively and negatively acting ORC/CDC6s may 
exist as an integral component of their replication machineries (Robinson et al.,
2004). In E.coli, the most closely related protein to the E.coli DnaA replication 
initiation protein is HDA, a negative regulator of replication (Kato and Katayama,
2001).
Two reports on the crystal structures of the archaeal ORC/CDC6 homologues 
show the existence of three domains (Liu et al., 2000; Singleton et al., 2004). Domain 
I and domain II have a fold that is found in a variety of proteins of the AAA+ family, 
including several proteins involved in DNA metabolism (Neuwald et al., 1999). 
Domain III has a winged helix fold (WH) that is found in a number of DNA binding 
proteins (Gajiwala and Burley, 2000). The signatures o f W alker A m otif 
GXXGXGK(T/S) and Walker B motif D(D/E)XX are located within domain I, but at 
the interface with domain II. Other key regions implicated in AAA+ function include 
the sensor I and II motifs of the nucleotide binding pocket (Guenther et al., 1997) and 
they are found within domain I and II, respectively.
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Although ADP was not added to the protein during crystallisation, both 
crystal structures of A.pernix and P.aerophilum ORC/CDC6 proteins show a presence 
o f ADP (Liu et al., 2000; Singleton et al., 2004). Crystal structures of 
ApeOKdCD C6  in a complex with the non-hydrolysable ATP analogue (ADPNP) 
exhibit an interesting feature (Singleton et al., 2004). In the ADP complex of the 
protein, domain III is conformationally mobile, while in the ATP-complex of the 
protein a single conformation is stabilised (Fig. 1.7).
Domain III contains a winged helix motif (WH), which has been shown to be 
responsible for the DNA binding of the protein (Grainge et al., 2003; Robinson et al., 
2004; Singleton et al., 2004). Winged helix proteins are part of the helix-tum helix 
(HTH) family and are characterised by an a((3)fkxapp fold, in which the later of the 
middle two helices represents the "recognition helix" (shown in bold) of the HTH 
motif and the "wing" of the fold arises from a loop which connects the last two (3 
strands of the fold (Harrison, 1991; Pabo and Sauer, 1992; Nelson, 1995). It has been 
proposed that interaction between WH proteins and their DNA targets is via 
positively charged surfaces that interact with the phosphodiester backbone. Based on 
that observation, two modes of interaction between DNA and WH proteins have been 
proposed (Gajiwala and Burley, 2000). In the first mode, DNA binding is achieved by 
inserting the recognition helix into the major groove of DNA, while the (3-hairpin 
wing interacts with the phosphodiester backbone. This mode of interaction is typical 
for the canonical WH proteins. However, another subfamily of WH proteins (to 
which RFX protein belongs) bind DNA differently by inserting the wing into the 
major groove, while the helix makes a phosphodiester backbone contact (Gajiwala et 
al., 2000). Based on that and the sequence comparison of ORC/CDC6 homologues of 
variety of archaeal species, two classes of WH protein were defined. Class I proteins 
have a conserved positively charged recognition helix, while in class II proteins the 
number of positively charged residues is greater in the wing region.
BFig. 1.7 Crystal structure of A.pernix ORC-2 protein. (A) An overall fold, 
domain I is coloured in blue, domain II in green, and domain III in red, the 
bound ADP-PNP is in magenta, (Singleton et al., 2004); (B) Superimposition 
of Ape ORC-2 upon the structure of ORC-2 from P.aerophilum.
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The winged helix motif, as well as the dimerisation abilities of the archaeal 
ORC/CDC6 proteins, suggest similarities to the bacterial plasmid initiator REP 
(Giraldo, 2003; Liu et al., 2000; Komori et al., 1999). REP molecules exist as 
monomers and dimers in equilibrium (Garcia de Viedma et al., 1996). The monomers 
activate initiation of replication by binding to directly repeated DNA sequences 
(Garcia de Viedma et al., 1995; Giraldo et al., 1998), whereas the dimers repress 
repA transcription by binding to an inversely repeated DNA operator (Garcia de 
Viedma et al., 1995; Giraldo et al., 1998). Monomerisation is coupled to a 
conformational change (Pak et al., 1997; Dibbens et al., 1997) in the N-terminal 
domain of the REP protein. The REP protein contains two WH domains that bind 
together to one face of the origin DNA via their interactions with the DNA major 
groves (Komori et al., 1999). In this complex, the N-terminal WH domain binds the 
major groove of DNA using the classical mode of binding, whereas the C-terminal 
WH domain uses non-canonical HTH-DNA interactions. In both domains, the "wing" 
loops mediate secondary interactions with the DNA backbone and minor grooves 
(Fig. 1.8).
Therefore, despite using different DNA binding mechanisms, REP and the 
archaeal ORC/CDC6 proteins may recognise origin binding sites in a structurally 
analogous manner. Like DnaA and Rep initiators, ORC/CDC6 protein can probably 
cause distortions in the form of DNA bending (Komori et al., 1999; Fujikawa et al., 
2003; Gajiwala et al., 2000). This will suggest that origin binding protein-induced 
alterations of DNA structure may be common to initiator-origin interactions, perhaps 
as a preface to the remodelling events required for origin unwinding and replisome 
assembly. These findings together with the fact that REP proteins exhibits structural 
similarities with S'cORC4p protein (WH domains and LZ motifs) suggest that 
prokaryotic (bacterial and archaeal) and eukaryotic initiation complexes are very 
similar (Giraldo and Diaz-Orejas, 2001).
A B
Fig. 1.8 Two models for origin binding protein-DNA interactions. (A) The E.coli RepE dimer binds DNA 
with its WHD1 (cyan) and WHD2 (purple). The protein binds the DNA major groove predominantly by 
inserting a recognition helix. Secondary interactions with the DNA backbone and minor groove are 
mediated by the wing loop (arrows); (B) A Ape ORC-2 binds with DNA by inserting a recognition wing 
into the major groove, while the helix makes a phosphobackbone contact (Singleton et al., 2004; 
Cunningham and Burger, 2005).
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1.6 Helicase loading in bacteria
1.6.1 DnaB
The E.coli DnaB protein is an essential component of the bacterial replication 
machinery that is involved in both the initiation and elongation stages of 
chromosomal DNA replication.. The DNA helicase activity of this protein was 
reported for the first time by LeBowitz and Macken in 1986. DnaB is the only 
helicase required to reconstitute DNA replication in vitro from the chromosomal 
origin of replication oriC.
The E.coli DnaB protein is a hexameric protein comprising six 52 kDa 
monomers (Arai et al., 1981; Bujalowski et al., 1994; San Martin et al., 1995; Yu et 
al., 1996; San Martin et al., 1998). Sedimentation equilibrium and sedimentation 
velocity studies show that DnaB helicase forms mainly trimers in the absence of Mg 
and nucleotides, but upon addition of Mg2+ (or a high concentration of Na+) the 
trimers are converted to hexamers (Bujalowski et al., 1994). EM studies on the 
protein suggest a formation of a ring structure (San Martin et al., 1995; Yu et al., 
1996; San Martin et al., 1998). Structures intermediate between the three and six-fold 
symmetry were observed, suggesting that the two forms interconvert. The global 
importance of the two ring forms in the helicase function of the protein is unclear. 
The global structure of the DnaB hexamers changes in the presence of different 
nucleotides and DNA (Yu et al., 1996; Jezewska and Bujalowski, 1996).
To date, high resolution structural information about the DnaB hexameric 
helicase is restricted to the small N-terminal domain o f DnaB (Fass et al., 1999; 
Weigelt et al., 1999). The N-terminal region of DnaB proteins has been shown to be 
indispensable for the helicase activity of DnaB as well as its hexamerisation (Biswas 
et al., 1994). The formation of a hexamer proceeds through LZ-mediated dimerisation 
of monomers, followed by association of dimers to form the hexamer (Biswas and 
Biswas, 1999). Although the crystal structure of the protein remains unknown,
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protein mapping has defined specific domains involved in nucleotide hydrolysis, 
DNA binding and oligomerisation (Biswas and Biswas, 1999).
It has been observed that DnaB binds one strand of the DNA more tightly than 
the other (Higorani and Patel, 1993; Jezewska et al., 1998) in a sequence-independent 
manner. Protein-DNA photo-crosslinking studies in the presence of non-hydrolysable 
nucleotide analogues show that only one subunit of the DnaB efficiently cross-linked 
to ssDNA (Bujalowski and Jezewska, 1995; Yu et al., 1996; Jezewska et al., 1996). 
Therefore, the ssDNA binds predominately to a single subunit o f the hexamer 
(Bujalowski and Jezewska, 1995; Jezewska and Bujalowski, 1996). E.coli DnaB is 
believed to encircle ssDNA. FRET studies showed that DNA is bound at the central 
channel of the ring with a defined polarity (Jezewska et al., 1998).
The E.coli DnaB helicase binds to ssDNA in an ATP-dependent manner. 
However, this activity alone is not sufficient for helicase loading at a replication 
origin. Thus, the entry of DnaB helicase into the unwound oriC depends on additional 
protein factors.
1.6.2 Helicase loaders
A physical interaction between DnaA and DnaB is essential for delivering of 
DnaB helicase to oriC (Marszalek and Kaguni, 1994). The loading of DnaB depends 
not only on DnaA binding to the oriC  boxes, but also on DnaA binding to the open 
region of the origin, which is then stabilised for subsequent helicase loading (Speck 
and Messer, 2001).
In addition to the interaction between DnaB and DnaA, the helicase is 
transferred to the replication origin by the helicase loading factor DnaC (Konieczny 
and Helinski, 1997). DnaC is a member of the AAA+ family and it has been 
generally assumed that its ATPase activity plays a role in the helicase loading process 
(Kobori and Komberg, 1982; Wahle et al., 1989). Recent reports suggests that DnaC 
is a dual ATP/ADP switch protein, where ATP hydrolysis by DnaC is triggered by 
DnaB and ssDNA (Davey et al., 2002). Surprisingly, ATP is not required for DnaC to
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load DnaB onto ssDNA. DnaC exists in two states: DnaC-ATP (which expands the 
replication bubble formed at the origin) and DnaC-ADP (which allows DnaB to 
unwind DNA). The transition from the ATP-bound to the ADP-bound state depends 
on the substrates, ssDNA and DnaB. Each of the two states are required in turn for 
replication of oriC. DnaC-ATP is required to bind ssDNA for DNA melting at oriC, 
and DnaC-ADP is required to relieve the inhibition of DnaB by DnaC-ATP. It has 
been observed that ATP binding, but not hydrolysis induces a conformation of DnaC 
that inhibits helicase activity when it remains associated with DnaB (Davey et al.,
2002).
The first step of DnaB loading onto the origin is the formation of DnaB-DnaC 
complex. In this step, DnaC probably exist in an ATP-bound state (Neuhard and 
Nygaardm, 1987). At this stage, DnaC can not hydrolyse ATP, because its is not yet 
associated with the ssDNA from the origin. Consequently, DnaB-DnaC complex is 
directed to the DnaA-induced open complex at oriC , probably by the DnaB 
interaction with the origin-bound-DnaA (Marszalek and Kaguni, 1994). It has been 
suggested that DnaC within the DnaB-DnaC complex enlarges the replication bubble 
formed at the origin (Davey et al., 2002). This process is a result either of the DnaB- 
DnaC modification of DnaA function or by direct binding of DnaC to ssDNA. In the 
proposed model, ATP induces DnaC to bind ssDNA tighter than in the absence of 
ATP. Therefore, ssDNA binding by DnaC requires ATP. At the second step of the 
model, DnaC assembles DnaB onto the expanded bubble. Since, DnaA is known to 
interact with DnaB (Marszalek et al., 1994) it is possible that this interaction helps 
the assembly of the DnaB onto the oriC. It has been observed that the N-terminal 
deletion of DnaA prevents the DnaC-dependent assembly of DnaB onto DNA (Sutton 
e ta l , 1998) (Fig. 1.9).
DnaC
DnaB-DnaC
V /
DnaB
B DnaC-ATP
B6C6
INACTIVE
ATP DnaC-ADP
hydrolysis
DnaC-ATP •  ATP
B6C5
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Excess DnaC
ATP
Hydrolysis
DnaB6
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DnaC-ADP
Fig. 1 .9 Models of DnaC action. (A) Loading of DnaB helicase on oriC by the DnaB-DnaC complex. Once the 
helicase is recruited to the origin, DnaC lives the complex; (B) Dynamic inhibition of DnaB by DnaC is controlled 
by the dual ATP/ADP switch in DnaC.
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DnaC uses ATP to regulate its affinity for ssDNA. The binding of ssDNA 
may result in inhibition of the DnaB translocation along ssDNA and prevents the 
helicase reaction. In order to avoid this, DnaC has adapted a mechanism of separation 
of its action in two steps, which act in a sequential manner. The first step involves 
binding of the ssDNA for melting and expanding of the replication bubble, while the 
second step DnaC decreases its affinity for ssDNA to allow helicase progression.
The complexity of the interactions of the DnaB helicase with other proteins in 
the replication fork suggests that these interactions may be under the control of ATP 
binding and hydrolysis (Kornberg and Baker, 1992). Quantitative studies of 
nucleotide binding to the DnaB helicase have established that the hexamer has six 
nucleotide binding sites, presumably one on each protomer (Arai and Kornberg, 
1981; Bujalowski and Klonowska, 1993, 1994; Jezewska and Bujalowski, 1997). The 
binding process is biphasic. First, three nucleotide molecules bind independently in a 
high-affmity step and the next three nucleotides bind in a low-affinity step. The 
biphasic behaviour of binding isotherms results from negative cooperativity between 
binding sites (Bujalowski and Klonowska, 1993, Jezewska et al., 1996). Stopped- 
flow studies of nucleotide binding to DnaB helicase show that association of the 
cofactor with the binding site of the DnaB hexamer is a sequential, multistep 
mechanism (Bujalowski and Jezewska, 2000). These data indicate that the major 
conformational transition o f the enzyme-nucleotide complex occurs in the first 
binding step. The sequential character of the mechanism indicates that the association 
of a nucleotide with a single, non-interacting site of the DnaB helicase is neither 
directed by a conformational transition of the protomer nor by the hexamer prior to 
binding.
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1.6.3 Helicase activity
DnaB translocates along ssDNA and unwinds duplex DNA with a distinct 
polarity in the 5’-3' direction (LeBowitz and McMacken, 1986; Richardson and 
Nossal, 1989; Kaplan, 2000). It has been demonstrated that the DnaB protein first 
binds to the 5' ss tail region with the DNA positioned inside the central channel. With 
the 3’ tail positioned outside the central channel, the helicase then translocates with 5' 
to 3' polaity and unwinds the dsDNA. Translocation along ssDNA accomplishes 
unwinding if the second strand is positioned on the outside of the protein ring, even 
though DnaB does not contact this second strand (Kaplan, 2000) (Fig. 1.10). When 
DnaB tracks along ssDNA and encounters a duplex with no 3' tail, the DnaB moves 
off the ssDNA in order to encircle both strands and translocates along the dsDNA 
(Kaplan, 2000). Thus, when the 3' tail is long or bulky, the strand passes outside of 
DnaB ring and unwinding occurs, but when the 3' tail is absent, DnaB slides up over 
both strands and they can pass through the central channel of DnaB.
DnaB
5' 5'
3'
5'
HE
3'
5*
Fig. 1.10 Schematic representation of DnaB helicase behaviour on different 
DNA substrates. In the absence of a 5' and 3' tail, DnaB can not unwind the 
duplex DNA (Kaplan, 2000).
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1.7 Helicase loading in eukaryotes
1.7.1 Eukaryotic MCM2-7 helicase complex
MCM2-7 proteins were originally identified in a screen for proteins involved 
in plasmid maintenance, cell cycle progression and chromosome missegregation and 
were originally grouped together based on their sequence similarity (Dutta and Bell, 
1997). All eukaryotes have exactly six MCM protein analogues and each of them fall 
into one of the existing classes (MCM2-7p). Each member of the MCM2-7 complex 
is highly related to all others and contains unique sequences, which are conserved 
across eukaryotes.
Origin unwinding requires the presence of the MCM2-7 complex (Walter and 
Newport, 2000) and it has been proposed that MCM2-7 function as the replicative 
helicase during S phase (Labib and Diffley, 2001; Forsburg, 2004).
The eukaryal MCM2-7 protein complex belongs to the AAA+ family of 
ATPases. Each MCM from the complex contains two ATPase consensus motifs: the 
Walker A and Walker B motifs. However, the Walker A consensus contributes to the 
ATP binding and is different than the one observed in other AAA+ proteins. It has an 
alanine or serine in place of a glycine and some additional conserved residues, which 
create the MCM specific consensus GDPxx(S/A)KS. The Walker B motif has a 
consensus IDEFDKM and is believed to be responsible for ATP hydrolysis. 
(Neuwald et al., 1999; Patel and Picha, 2000). Two other conserved motifs are found 
in the MCM2-7 complex-a zinc-binding motif and an arginine finger motif (SFRD). 
The arrangement of the cysteines in the zinc-binding motifs varies between the MCM 
proteins. Mutational and biochemical analyses suggests that the zinc-binding motifs 
are required for viability and contribute to the complex assembly (Forsburg et al., 
1997; Sherman et al., 1998; You et al., 2002).
MCMs are associated in vivo in a heterohexamer, although there are likely to 
be small amounts of single MCMs and MCM subcomplexes in the cell (Chong et al., 
1995; Lei et al., 1996; Ishimi, 1997; Coue et al., 1998; Sherman et al., 1998; Lee and
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Hurwitz, 2000; Schwacha and Bell, 2000; Davey et al., 2002). Different MCM 
subunits have different relative affinities for one other and can be arranged in a series 
of subcomplexes (Lei et al., 1996; Coue et al., 1998; Sherman et al., 1998; Lee and 
Hurwitz, 2000; Schwacha and Bell, 2000; Davey et al., 2002). MCM4. MCM6 and 
MCM7 subunits have been found to bind tightly together and form a trimeric 
complex. It has been suggested that MCM2, MCM3 and MCM5 negatively regulate 
the active MCM4,6,7 complex (You et al., 1998; Ishimi et al., 1998; Lee and 
Hurwitz, 2001).
EM studies o f the whole eukaryotic MCM complex and MCM4,6,7 
subcomplex reveal a hexameric doughnut-like structure with a central cavity (Adachi 
et al, 1997; Sato et a l ,2000. When ssDNA was added to the MCM4,6,7 structure, it 
resulted in ssDNA passing through the central cavity of complex. These findings 
raise the question of how the MCM protein ring is loaded onto DNA. It is possible 
that the helicase activity of the MCM4,6,7 complex relative to the inactivity of the 
MCM2-7 complex may be because the former complex can fluctuate between an 
open and closed ring to allow loading onto DNA.
1.7.2 Helicase loaders
Little is known about the mechanism of loading of the eukaryotic MCM2-7 
complex to the multiple origins of replication, but the available evidence indicates 
that ORC, CDC6 and CDT1 act together as a clamp loader to open the MCM2-7 ring 
and load it onto DNA (Mendez and Stillman, 2003). Alternatively, the ORC, CDC6 
and CDT1 molecules might facilitate the assembly of MCM2-7 hexamer from many 
subcomplexes of MCM proteins. Once MCM2-7 is loaded onto chromatin, the other 
components of pre-RC are dispensable for replication initiation (Donovan et al., 
1997; Hua and Newport, 1998; Rowles et a l, 1999; Maiorano et a l, 2000; Harvey 
and Newport, 2003). Therefore, the primary function of ORC, CDC6 and CDT1 in 
replication is to load the MCM2-7 complex.
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1.72.1 CDC6 protein
CDC6 protein was first identified in the original screen for S.cerevisiae 
mutants with changes in the cell division cycle (Hartwell, 1973). CDC6 plays a 
crucial role in the assembly of the pre-RC after ORC binds the replication origin and 
before MCM2-7 proteins are recruited. CDC6 has been found to be highly related to 
ORClp and less related to ORC4p, ORC5p and MCM2-7 (Neuwald et a l, 1999). As 
a member of AAA+ family, CDC6 contains conserved bipartite ATP binding and 
hydrolysis motifs described by Walker and colleagues (Walker et al., 1982). Studies 
of mutations in the S.cerevisiae CDC6 ATP-binding motif suggest that ATP binding 
and hydrolysis are required at distinct stages during pre-RC assembly. Mutation of a 
conserved lysine in the Walker A motif result in a non functional protein which is 
unable to support cell growth (Perkins and Diffley, 1998; Wang et al., 1999; 
Weinreich et al., 1999). This mutant protein also reduces CDC6-chromatin 
association, prevents the formation of the pre-RC and fails to load MCM proteins 
onto chromatin (Perkins and Diffley, 1998; Weinreich et al., 1999). In contrast to a 
Walker A motif mutation, glycine, but not alanine, substitution in the Walker B 
causes lethality when this protein is overexpressed (Perkins and Diffley, 1998). 
Analysis of pre-RC formation in the presence of this Walker B mutant shows that 
loading of MCM5p onto chromatin is blocked (Weinreich et al, 1999). These studies 
suggest a model in which CDC6 acts as a loading factor for MCM and requires ATP 
binding to form an interaction with ORC and MCM at the origin (Perkins and 
Diffley, 1998; Weinreich et al, 1999). ORC1, 4 and 5 subunits also belong to AAA+ 
ATPase family and electron micrographs of S.cerevisiae ORC complex have shown 
that it undergoes a conformational shift in the presence of ssDNA and ATP (Lee at 
al., 2000), similar to what is seen with some clamp loaders (Shiomi et a l, 2000). 
Therefore, ORC and CDC6 may function together as a clamp loader complex for 
opening and closing MCM at origins.
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1.7.2.2 CDT1 protein
CDC6 and CDT1 cooperatively promote the association of MCM2-7 to the 
replication origin. CDT1 from S.pombe was originally identified as a gene that was 
regulated by the SpCDCIO transcription factor (Hofmann and Beach, 1994) and 
subsequently has been implicated as a key factor in the pre-RC assembly. S/?CDT1 
associate with the C-terminus of SpCDC6 and cooperatively promote the association 
of MCM protein with chromatin (Nishitani et al., 2000). CDT1 is conserved in other 
eukaryotes including Xenopus, Drosophila and humans (Maiorano et a l, 2000; 
Whittaker et al., 2000; Wohlschlegel et al, 2000). In S.pombe and X.laevis CDC6 
and CDT1 are required independently for MCM chromatin association. In Xenopus 
egg extracts ORC, but not CDC6 is required for chromatin association o f CDT1 
(Maiorano et al, 2000). In Drosophila, CDT1 co-localises with ORC at sites of DNA 
amplification and requires ORC for its localisation (Whittaker et a l, 2000). CDT1 
bears no sequence homology to any known protein. However, the crystal structure of 
a fragment of CDT1 reveals a domain that bears structural resemblance to a bacterial 
replication terminator protein that is believed to physically interact with the bacterial 
replicative helicase DnaB (Lee et a l, 2004). The function of CDT1 in recruitment of 
MCM to the chromatin remains unclear, although it is clear that CDT1 is the target of 
the replication inhibitor geminin.
1.7.3 Helicase activity
The six subunit MCM2-7 complex lacks helicase activity in vitro, while a 
subcomplex of MCM4,6,7 has a weak, non-processive, intrinsic 3'-5' helicase activity 
(Ishimi, 1997; You et a l, 1999; Lee and Hurwitz, 2001). When a DNA with only a 
single exposed end was used as a helicase substrate, the MCM4,6,7 exhibited low 
processivity (Lee and Hurwitz, 2000). However, when a template with exposed 5' and 
3' tails was used with excess of .S/?MCM4,6,7 and E.coli ssDNA binding protein, 
more than 500bp of DNA were displaced (Lee and Hurwitz, 2001). This finding 
raises the possibility that the MCM complex requires a fork-like structure for
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processive helicase activity. The addition of MCM2 or MCM3,5 to the MCM4,6,7 
subcomplex inhibited its helicase activity (Ishimi, 1997; Lee and Hurwitz, 2000; Sato 
et al, 2000). These facts suggest that MCM4,6,7 constitutes the core helicase, while 
MCM2/3/5 have a regulatory function. This model is supported by studies showing 
that the ATPase activity of the MCM2-7 complex requires the coordinate action of all 
six subunits with MCM4,6,7 involved in ATP hydrolysis and MCM2/3/5 regulating 
its activity (Schwacha and Bell, 2001).
Two models have been proposed for MCM4,6,7 helicase action based on the 
possibility of MCM ring complexes to translocate along ssDNA or dsDNA.
The first model derives from the fact that two tails (3' and 5') are required for 
processive unwinding and protein cross-linking indicates that two MCM4,6,7 
complexes bind a forked DNA (Lee and Hurwitz, 2001). In this model, one protein 
ring is positioned on the 5'-tail and one ring is positioned at the 3'-tail (Kelman and 
Hurwitz, 2003). This suggests that the ring positioned at the 5'-tail will translocate 
away from the duplex region, because it only translocates with 3* to 5* polarity (Fig.
1.11). However, in vivo replication occurs mostly at internal regions of DNA (such as 
a bubble) rather than at the end of the forked linear molecule. Therefore, MCM4,6,7 
will form a ring on each ssDNA strand of the bubble, then two rings will translocate 
in opposite directions to form two forks for bidirectional replication.
In the second model for eukaryotic MCM action (called "pump in ring" 
mechanism), the protein rings encircled two DNA strands and actively translocate 
along the duplex (Laskey and Madine, 2003; Kaplan et al., 2003). This may alter the 
twisting of the DNA, resulting in unwinding at a distance from the MCM protein 
complex. However, MCM4,6,7 directly catalyses the DNA unwinding if one strand 
passes through the central channel and one strand passes outside the central channel. 
This is a more likely model for replication fork unwinding in vivo, because it will 
result in a physical separation of the two DNA strands, which can allow ssDNA to be 
delivered directly to the replication fork polymerase (Fig. 1.11).
MCM4,6,7
Unwinding at immobilised forks
Origin
Fig. 1.11 Schematic representation of MCM4,6,7 action on different DNA substrates. 
(A) Substrate without ss tails; (B) Double-stranded substrate with ss tails on both 
sites; (C) First model for helicase activity-strict 3'-5' polarity suggest that two rings 
will move in separate directions; (D) "Pump in ring" model-MCM ring translocates 
along duplex DNA and twisted it, causing unwinding at a distant replication fork 
(Kaplan et al., 2003; Laskey and Madine, 2003)
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1.7.4 Regulation of eukaryotic replication initiation
1.7.4.1 Geminin
Geminin is an important inhibitor of the licensing system and binds tightly to 
CDT1 (Wohlschlegel et al., 2000; Tada et al., 2001), potentially blocking its ability 
to bind MCM2-7 (Lee et al., 2004). Geminin was discovered in metazoa as an 
inhibitor of pre-RC formation. Geminin acts by preventing the loading of MCM 
proteins onto chromatin without interfering with ORC and CDC6 association 
(McGarry and Kirschner, 1998). The inhibition of pre-RC assembly can be rescued 
upon addition of CDT1 (Wohlschlegel et al., 2000).
1.7.4.2 MCM10 protein
MCM 10 is localised at replication origins and interacts with all six subunits of 
the MCM2-7 complex (Merchant et al., 1997; Homesley et al., 2000; Kawasaki et al., 
2000), therefore it is a component of the pre-RC.
MCM 10 exhibits differences in its recruitment to chromatin and regulation 
during cell cycle. In S.cerevisiae, MCM 10 presence is required for stable association 
of MCM2-7 (Homesley et al., 2000). It has been hypothesised that MCM10 may be 
required for the pre-RC maintenance rather than establishment at origins (Lei and 
Tye, 2001). However, in S.pombe and X.leavis pre-RC formation is independent of 
MCM10 (Wohlschlegel et al., 2002; Gregan et al., 2003). In Xenopus, loading of 
MCM2-7 is required prior the recruitment o f MCM 10 (Wohlschlegel et al., 2002) 
whereas in yeast, the presence of ORC on the chromatin is crucial and MCM2-7 does 
not affect the MCM10 recruitment (Homesley et al., 2000; Gregan et al., 2003). In 
mammalian cells, the regulation of MCM 10 is cell cycle dependent with the highest 
protein levels and chromatin association in S phase (Izumi et al., 2000; 2001). 
However, in yeast the MCM 10 protein level is constant and MCM 10 is bound to the 
chromatin in all phase of the cell cycle (Homesley et al., 2000; Kawasaki et al., 2000; 
Gregan et al., 2003). Interestingly, the differences in cell cycle regulation between
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eukaryotes match the differences seen with ORC binding to replication origins. In 
yeast ORC is constantly bound to replication origins, while in mammalian cells, ORC 
is dynamically associated with the replication origins (DePamphilis, 2003). 
Therefore, the differences in MCM 10 regulation may be crucial for the replication 
mechanism, timing and selection between unicellular and multicellular eukaryotes.
1.7.43 CDC45
CDC45 interaction with components of the pre-RC and the replicative 
polymerases provides a physical link between replication initiation and elongation 
(Hopwood and Dalton, 1996; Dalton and Hopwood, 1997, Zou et al., 1997, 
Kukimoto et al., 1999). CDC45 was originally identified in a screen for cold- 
sensitive mutants in cell cycle progression (Moir et al., 1982). In vitro studies in 
Xenopus egg extracts indicate that CDC45 interacts with DNA polymerase a  (pol a )  
and is required for its loading on chromatin (Mimura and Takisawa, 1998). In 
addition to that, CDC45 has been found to associate with ORC, DNA pol e, RPA and 
the MCM proteins (Saha et al., 1998; Kukimoto et al., 1999; Zou and Stillman, 2000; 
Kamimura et al., 2001; Uchiyama et al., 2001). The interaction between CDC45 and 
MCM complex occurs sometime at the beginning of S phase, just before the 
migration of the MCM complex away from the replication origin (Zou and Stillman 
1998; Aparicio et al., 1999). Formation of a tight complex between CDC45 and 
MCM2-7 correlates closely with the helicase activation and it has been hypothesised 
that CDC45 function activates the helicase activity of MCM2-7 (Masuda et al., 
2003).
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1.7.4.4 CDC7/DBF4 kinase (DDK)
Initiation of DNA replication requires the activity of two cell cycle-regulated 
kinases one of which is the CDC7/DBF4 kinase (DDK). CDC7 kinase activation 
requires binding to the non-catalytic subunit known as DBF4. The regulation of DDK 
activity is accomplished by the periodic stabilisation and destruction of DBF4 protein 
during the cell cycle (Brown and Kelly, 1999; Cheng et al., 1999, Weinreich and 
Stillman, 1999; Ferreira et al., 2000).
An abundance of genetic and biochemical data indicates that MCM2-7 
proteins are the primary candidates for the target of the DDK that triggers initiation of 
DNA replication. In vivo and in vitro studies indicate that five of the six MCM 
proteins are phosphorylated, but the cell cycle regulation of this phosphorylation is 
not well characterised (Lei et al., 1997; Sato et al., 1997; Brown and Kelly, 1998; 
Kumagai et al., 1999; Takeda et al., 1999; 2001; Jares and Blow, 2000; Kihara et al., 
2000). Studies in S.pombe and mammalians revealed that MCM2p is the preferred 
substrate for DDK phosphorylation (Jiang and Hunter, 1997; Brown and Kelly, 1998; 
Masai et al., 2000). MCM5p is the only MCM subunit that has not been observed to 
be a phosphoprotein.
1.7.4.5 Cvclin-dependent kinases (CDK)
Cyclin dependent kinase (CDK) not only plays a major role in driving the cell 
cycle, but also is required for the initiation of DNA replication (Kelly and Brown, 
2000; Bell and Dutta, 2002; Masai and Arai, 2002; Kim et al., 2003). Cyclin- 
dependent kinases have been reported to physically associate with components of the 
pre-RC. A series of observations suggest that CDKs are present at origins. 
Interactions observed between ORC, CDC6 and CDK suggested that CDK is 
recruited to the origin of replication. It has been reported that CDK interacts directly 
with ORC and CDC6 (Adams et al., 1996; Chen et al., 1996; Saha et al., 1998; Jiang 
et al., 1999; Peteren et al., 1999; Herbig et al., 2000; Romanowski et al., 2000).
Many replication factors have been shown to be phosphorylated by CDK in
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vivo and in vitro (Kelly and Brown, 2000). Although ORC, CDC6 and MCM proteins 
are all targeted by CDKs, studies o f S.pombe ORC2 and Xenopus  MCM4 
phosphorylation suggested the existence of CDK-independent phosphorylation as 
cells enter S phase (Coue et al., 1996; Vas et al., 2001).
Even though it is clear that both CDK and DDK are absolutely required for 
the initiation of replication and tight association of CDC45p with chromatin, the 
order of function of these kinases is controversial. In S.cerevisiae, reciprocal shift 
studies suggest that CDK activity is required before DDK (Nougarede et al., 2000). 
In contrast, depletion of DDK activity or inhibition of CDK activity in Xenopus egg 
extracts, leaded to the opposite conclusion that DDK activity is required prior to CDK 
activity (Jares and Blow, 2000; Walter, 2000).
Introduction 64
1.8 Loading of the replicative helicase in archaea
1.8.1 Archaeal MCM helicase
Almost all of the archaea for which the genome is known contain a single 
MCM homologue (Myllykallio and Forterre, 2000). The only exceptions are 
M .janaschii, with four MCM homologues, and M.kandleri and M ethanosarrina 
acetivorans, with two.
Like their eukaryotic homologues, the archaeal MCMs contain Walker A and 
Walker B as well as the zinc-binding and arginine finger (SFRD) motifs. All of the 
archaeal MCM homologues are more related to eukaryotic MCM4 than any of the 
other MCMs. Generally, each archaeal MCM protein consists of two main portions. 
The N-terminal region participates in protein multimerisation and ssDNA binding and 
may also have a regulatory function. The C-terminal portion of the protein contains 
the helicase catalytic domain(s) (Chong et al., 2000; Fletcher et al., 2003).
The oligomeric structure of the archaeal MCM complex is still not clear. 
Whereas the recombinant M.thermoautotrophicum  MCM was reported to form 
dodecamers (Kelman et al., 1999; Chong et al., 2000; Shechter et al., 2000; 
Poplawski et al., 2001), the MCM from S.solfataricus (Carpentieri et al., 2002) and 
A.fulgidus (Grainge et al., 2003) were both shown to behave as homohexamers in 
solution. Electron microscopy (EM) analyses of M thM CM  revealed ring-shaped 
hexamers (Chong et al., 2000) or heptameric assemblies (Yu et al., 2002) (Fig. 1.12). 
Recent EM analyses of different fragments of the MthMCM  revealed formation of 
single hexamers only (Chen et al., 2004). Thus, it appears that only the full-length 
protein may be capable of forming heptamers. Although most processive helicases 
appear to be hexameric, it is possible that hexamers and heptamers may form under 
different conditions, and the ability to form rings with different symmetries may be a 
general property of helicases and other ring-forming proteins (Yu et al., 2002). For 
example, the Thermus thermophilus RuvB protein also appears to be heptameric 
when not bound to DNA (Miyata et al., 2000). Upon assembly around the DNA the
Introduction 65
heptameric ring of the MthMCM  may lose one subunit, encircle DNA, and then close 
to form a ring with six subunits, becoming the active enzyme (Yu et al., 2002; 
Kelman and Kelman, 2003). A toroidal hexameric structure was also observed for the 
MCM4,6,7 (Sato et al., 2000) and MCM2,4,6,7 (Yabuta et al., 2003) complexes 
purified from HeLa cells.
The crystallographic structure of the MthMCM  N-terminal portion (residues 2- 
286) revealed a dodecameric architecture, with two hexameric rings juxtaposed in a 
head-to-head configuration (Fletcher et al., 2003). This is reminiscent to the SV40 
large T antigen helicase, which forms double hexamers on the origin of a SV40 DNA 
(Mastrangelo et al., 1989). The eukaryotic MCM4,6,7 complex was also suggested to 
form double hexamers, but only with forked DNA structures (Lee and Hurwitz, 2001) 
(Fig. 1.13).
According to the crystal structure of the dodecameric MthMCM , each 
monomer is folded into three distinct domains A, B and C (Fletcher et al., 2003) (Fig.
1.12). Domain A is needed for dsDNA translocation and is believed to have a 
regulatory function, while domain C is necessary and sufficient for MCM 
multimerisation and helicase activity (Kasiviswanathan et al., 2004). Domain B is the 
major contact with ssDNA and contains the zinc-binding motif. The zinc-binding 
motif is required for the head-to-head assembly of the two hexameric rings (Fletcher 
et al., 2003). This motif is represented by three antiparallel P-strands and a further 
strand held in place by a zinc atom. Therefore, it does not fold into a classical zinc- 
finger structure, specialised for DNA binding, as was previously thought. The number 
of the cysteines in the zinc-binding motif varies between the MCM homologues from 
euryarchaeota and crenarchaeota. The euryarchaeal MCMs contain a C4 type 
(CXXCXnCXXC) zinc-bearing motif similar to the one found in eukaryotic MCMs. 
In contrast, crenarchaeal MCMs have a zinc-binding motif from a different type 
(H C3) (Poplawski et al., 2001; Carpentieri et al., 2002). Studies with the 
euryarchaeal M.thermoautotrophicum  MCM demonstrated that the C4-type zinc- 
bearing motif is needed for efficient ssDNA binding, stimulation of ATPase activity 
by DNA, and helicase activity (Poplawski et al., 2001). The role of the putative zinc-
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binding motif in crenarchaeal MCMs has not been determined (Carpentieri et al., 
2002).
A remarkable feature of the MthMCM  N-terminal domain crystal structure is 
the presence of a long central channel whose surface has a considerably high positive 
charge. A three-dimensional reconstruction of the full sized MthMCM  structure by 
electron microscopy suggests that this central channel runs throughout the entire 
MhMCM molecule (Pape et al., 2003). The shape and electrostatic character of the 
channel strongly suggests a role in DNA binding. Since its size is much wider than 
the channels seen in other known helicases, it is believed to be able to accomodate 
both single- and double-stranded DNA (Pape et al., 2003; Fletcher et al., 2003). The 
central channel is constructed in the middle by six P-hairpin "fingers" pointing 
towards the center and closely linked with the ATPase domain. These fingers contain 
several arginine and lysine residues that are likely to participate in the interaction 
with the nucleic acids. Mutations of the two positively charged residues located on 
the tip of the hairpins in MthMCM  abolished binding to both ss and ds DNA. Thus, it 
was proposed that the ATP hydrolysis-driven shifting of the six fingers may supply a 
mechanism by which DNA is remodeled and translocated through the central channel 
during the helicase function (Fletcher et al., 2003; Pucci et al., 2004).
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Fig. 1.12 Three-dimensional reconstruction of MthMCM (Pape et al, 2003). (A) The protein monomers assemble into a 
hexameric ring around a central channel (Pape et al, 2003); (B) A 3D reconstruction of MthMCM showing a sevenfold 
arrangement around a central axis (Yu et al, 2002)
A B C CATALITIC DOMAIN
Fig. 1.13 Structure of of N-A//7*MCM double hexamer. (A) Monomeric 
structure of N-MMCM, showing three domains A, B and C and a zinc atom 
coloured in pink, (B) Dodecameric structure. The zinc atoms are located in the 
middle of the double hexamer, mediating hexamer-hexamer interactions 
(Fletcher et al, 2003); (C) Domain structure of the N-terminal portion of 
MthMCM (Kasiviswanathan et a\., 2004)
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1.8.2 Archaeal helicase loaders
The mechanism by which the MCM is loaded to the origin of replication is 
not well understood in archaea. However, it is possible that the archaeal ORC/CDC6 
homologues function as helicase loaders as well as origin recognition proteins. In 
bacteria, the origin binding protein DnaA and the helicase loader DnaC, both 
participate in helicase assembly on DNA (Kornberg and Baker, 1992; Carr and 
Kaguni, 2002). Binding of DnaC inhibits the helicase activity of DnaB, which is 
released only after hydrolysis of the ATP bound to DnaC, followed by dissociation of 
the ATP-bound from DnaB (Davey et al., 2002). Recent reports with ORC/CDC6 
homologues from M.thermoautotrophicum demonstrated that either o f the two 
ORC/CDC6 homologues can inhibit the MCM helicase activity in vitro (Shin et al.,
2003). This inhibition is dependent on ATP binding to ORC/CDC6 homologues. 
Thus, the archaeal ORC/CDC6 homologues may combine the functions of both DnaA 
and DnaC in one protein or divide these functions between them.
Alternatively, DnaC is not found in all bacteria (Caspi et al., 2001). Thus, in 
some situations a helicase loader may not be required. Therefore, it is possible that 
the archaeal Cdc6/Orcl proteins may perform an initiator function rather than a 
helicase loader function. If this is the case, the origin binding by the Cdc6/Orc protein 
would be sufficient to create a large enough initial bubble for MCM loading, which 
would occur in the absence of a helicase loader. Whether this is the case, remains to 
be seen. Evidence for this idea, however, is provided by the ability of the archaeal 
MCM to assemble itself around closed circle single-stranded plasmid DNA (Kelman 
et al., 1999; Chong et al., 2000; Shechter et al., 2000). The E. coli DnaB helicase, on 
the other hand, does not have this ability (Davey et al., 2002).
Introduction 70
1.8.3, MCM helicase activity
The archaeal MCM helicases possess biochemical properies similar to those 
of the eukaryotic enzyme (Kelman et al., 1999; Chong et al., 2000; Shechter et al., 
2000; Poplawski et al., 2001; Carpentieri et al., 2002).
In vitro studies whow that MCM is a stable protein, which is expressed 
constitutively throughout the cell cycle (Matsunaga et al., 2001). Studies on the 
biochemical properties of euryarchaeal and crenarchaeal MCMs demonstrated 
similarities and important differences (Kelman et al., 1999; Chong et al., 2000; 
Shechter et al., 2000; Carpentieri et al., 2002; Grainge et al., 2003). The biochemical 
data from euryarchaeal MCMs comes from the characterisation o f 
M.thermoautotrophicum MCM {MthMCM) and A.fulgidus MCM {AJMCM). It has 
been observed that the ss or ds DNA binding ability of these proteins is not affected 
by the presence or the absence of ATP or divalent metal ions (Fletcher et al., 2003; 
Kelman and Hurwitz, 2003; Grainge et a l ,  2003). The ATPase activity of the 
euryarchaeal MCMs is stimulated by ss and ds DNA, while the ATPase activity of 
the crenarchaeal SsMCM is not stimulated by DNA, but is much higher than that of 
MthMCM (Carpentieri et al., 2002).
Archaeal and eukaryal MCM, unlike the bacterial helicase DnaB (Kornberg 
and Baker, 1992), unwind ds DNA with a 3'-5' polarity (Kelman et al., 1999; Chong 
et al., 2000). The mechanism by which the archaeal MCM helicase unwinds DNA is 
not well understood. However, it is possible that MCM utilises the same unwinding 
mechanism as the simian virus 40 large T antigen. The simian virus 40 large T 
antigen is another homohexameric ring helicase that works in a head-to-head 
structure and is required for viral replication (Simmons, 2000). The entire structure 
was solved, showing that the hexamer has two domains: one forming a smaller 
"head" that corresponds to the N-terminal domain solved for the M/hMCM, and a 
larger "body" that corresponds to the ATPase domain. These two domains rotate 
around one another to open and close the central channel (Li et al., 2003). Whether 
such a model applies to eukaryal chromosomes with multiple origins, as well as to 
circular archaeal chromosomes with one or multiple origins, remains to be
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determined. The differences in processivity and structure of the archaeal and eukaryal 
MCMs may reflect not only the different requirements of replicating their 
chromosome but also the flexibility of the MCM family of helicases under different 
conditions.
1.8.4 Regulation of archaeal DNA replication initiation
Besides structural and functional differences among DNA replication systems, 
it is almost certain that there will be differences in regulatory mechanisms and 
pathways as well. The similarities in archaeal and bacterial chromosomal structure 
suggest that they may have similar forms of regulation. However, archaea with more 
than one origin may provide some insights into the coordination of replication from 
multiple origins in eukarya.
One way to regulate initiation of replication is to block access of the initiator 
protein to the origin. Recent work on ORC/CDC6 homologues from S.solfataricus 
imply that one of the homologues can act as a repressor of replication (Robinson et 
al., 2004). Temporal fluctuations of one of the CDC6/ORC initiator levels suggest 
that two initiator paralogues, CDC6/ORC-1 and CDC6/ORC-3 (both expressed in G1 
and S phase), initiate replication at origin sites upstream of their gene sequence, 
whereas a third paralogue, CDC6/ORC-2 (expressed only in G2), may act as a 
negative regulator (Robinson et al., 2004). In addition, the CDC6/ORC-2 binding 
sites overlap the binding sites for CDC6/ORC-1 and CDC6/ORC-3 at both functional 
origins, consistent with its putative role as a repressor of replication.
Although cyclin-dependent kinases do not appear to be present in archaea, 
additional control mechanisms involving post-translational modifications, such as 
phosphorylation, have been implicated in the regulation of archaeal CDC6/ORC 
initiators as well (Bell and Dutta, 2002; Grabowski and Kelman, 2001; Felice et al.,
2004).
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1.9 Goals:
Archaea are not only interesting from an evolutionary point of view, but 
can also provide a useful model to elucidate essential conserved aspects of replication 
initiation. The reduced number of fundamental replication proteins suggests that 
archaea are an excellent model system for understanding the enzymology of eukaryotic 
DNA replication. Moreover, the enhanced stability of many archaeal proteins makes 
them an excellent subject for structural studies.
When this work started, the crystal structure of archaeal MCM was not 
available. The initial attempt in the lab to crystallise the full length of MCM failed. 
Therefore, my first goal was to find the region(s) involved in MCM hexamerisation. 
Knowledge of the minimal hexamerisation region may help in identification of a 
fragment of the MCM protein suitable for structural studies.
To date, only homologues of eukaryotic MCM, ORC and CDC6 have been 
found in archaeal species, but only limited information on the interaction between them 
is available. Homologues of essential replication factors such as MCM 10, CDC45 and 
CDT1 are absent. However, it seems likely that orthologues of some of these proteins 
might exist. Thus, my second goal was to investigate how the known archaeal pre-RC 
proteins interact and to discover orthologues of eukaryal replication factors which have 
not been found.
My third goal was to examine the biochemical properties of the archaeal MCM 
homologue. Like their eukaryotic homologues, the archaeal MCMs contain Walker A 
and Walker B as well as the zinc-binding and arginine finger (SFRD) motifs. Although 
a lot of information exists on the main activities of the archaeal MCM helicase, the 
importance of the conserved motifs is not well documented.
To date, only limited studies have been reported on the biochemical 
characteristics of the archaeal ORC/CDC6. It has not yet been determined whether these 
homologues function as ORC or CDC6 or both. Therefore my fourth goal was to 
examine their biochemical properties and resolve this problem.
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CHAPTER 2 
MATERIALS AND METHODS
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2.1 Chemicals
Unless stated otherwise all chemicals were obtained from Sigma company Ltd., 
BDH Ltd., or Aldrich. y[32P] deoxyadenosine triphosphate, a [35S] deoxyadenosine 
triphosphate and all purification column materials were from Amersham Pharmacia 
Biotech Ltd. Restriction enzymes and their buffers, and DNA modification enzymes 
were from New England Biolabs. Synthetic oligonucleotides were prepared by the 
Oligosynthesis department (Cancer Research UK) or by Oswel Ltd and Sigma Genosys 
Ltd.
2.2 Specialised computer software
CLUSTALW (Higgins, 1994) was used for multiple sequence alignments. 
BLAST (Altschul et al., 1990) was used for comparing sequence similarity and 
database searching. GraphPad Prism was used for fitting steady-state kinetic data to the 
Michaelis-Menten equation. PredProt (Rost et al., 1994) was used for secondary 
structure prediction.
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2.3 Microbiological techniques
2.3.1 Bacterial strains
E.coli XL 1-Blue recAl endAl gyrA96 thi-1 hsdR17 Bullock eta l., 1987
supE44 relAl lac [F'proAB lacIqZDM15
TnlO (Tetr)]
BL21 codon 2+ A F’ ompT hsdS (rp-mp-) dcm gal end A Hte W einers al., 1994
cat (argU ileX) pRI952
2.3.2 Yeast strains
AH 109 MATa, trpl-901, leu2-3, 112, ura3-52, 
his3-200, gal4A, gal80A, LYS2:: GAL1 
u a s  -GAL1 t a t a  -HIS3, GAL2 u a s  -GAL2 
TATA -ADE2, URA3:: MEL1 u a s  -MEL1
TATA -lacZ
James et al., 1996;
A. Holtz, unpublished
Y187 M ATa, ura3- 52, his3- 200, ade2- 101, 
trpl- 901, leu2- 3, 112, gal4A, met 
gal80A, URA3 : : GAL1 u a s  -GAL1 t a t a  -
1~~r7
Harper etal., 1993
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2.3.3 Cloning vectors
Vector Features
pGADT7-AD The pGADT7 vector expresses proteins 
fused to amino acids 768-881 of the 
GAL4 activation domain (AD). pGADT7 
also contains the T7 promoter, an HA 
epitope tag, and a MCS. pGADT7 
replicates autonomously in both E. coli 
and S. cerevisiae from the pUC and 2 \i 
ori, respectively. The vector carries an 
ampicillin resistance gene for selection in 
E. coli and the LEU2 nutritional marker 
for selection in yeast. 
pGBKT7-BD The pGBKT7 vector expresses proteins 
fused to amino acids 1-147 of the GAL4 
DNA binding domain (DNA-BD). This 
vector replicates autonomously in both E. 
coli and S. cerevisiae from the pUC and 2 
m ori, respectively. The vector carries the 
kanamycin resistance gene for selection in 
E. coli and the TRP1 nutritional marker 
for selection in yeast. The T7 promoter is 
used for in vitro transcription and 
translation of the epitope tagged fusion 
protein.
Reference
Chien et al., 1991
Harper et al., 1993
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pET 22b (Novagen) 5493bp expression vector for 
subcloning and induction.
Studierand Moffat, 1986
Contains IPTG inducible T7 
promoter and carries ampicillin 
resistance.
pET 28b (Novagen) 5368bp expression vector for 
subcloning and induction. 
Contains IPTG inducible T7 
promoter and carries kanamycin 
resistance.
Studierand Moffat, 1986
2.3.4 Media
2.3.4.1 Bacterial media
Luria Broth (LB) was used for all cell growth (Sambrook and Russel, 2001). For 
solid LB medium 15g/L of agar was added. Antibiotics were used for plasmid selection.
2.3.4.2 Yeast Media
YPD broth and selective dropout (SD) media were used for yeast growth. YPD 
(20g/l yeast extract, 40g/l peptone and 40g/l dextrose) is a medium that supports yeast 
cell growth of all strains. In the selective dropout medium (6.7g/l amino acid-free yeast 
nitrogen base, 20g agar, 2% glucose, 100ml/l of appropriate lOXdropout solution) a 
particular ingredient is lacking (Sambrook and Russel, 2001). Solid media were made 
by adding 20g/L agar to the liquid media.
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2.4 Molecular biology
2.4.1 Agarose gel electrophoresis
Agarose gel electrophoresis was carried out in TBE buffer (Sambrook et al., 
1989). DNA was extracted and purified from agarose gels using the Qiagen gel 
extraction kit.
2.4.2 DNA concentration determination
DNA concentration was estimated spectrophotometrically at 260nm in quartz 
cuvettes. An optical density (OD) of 1 was taken as equal to 50pg/ml for double­
stranded DNA and 33pg/ ml for single-stranded DNA.
2.4.3 DNA end-labelling
Radioactive labelling at the 5’ end of the DNA was performed using y32P ATP 
(Amersham-Pharmacia) and polynucleotide kinase (New England Biolabs) according to 
manufacturer’s instructions.
2.4.4 DNA sequencing
DNA sequencing was performed using the Big Dye Terminator Sequencing kit 
v. 3.1 (Applied Biosystems). Gel electrophoresis and analysis of the sequencing gels 
was carried out by the Sequencing services (Cancer Research UK).
2.4.5 Ligation reactions
Ligations (sticky and blunt-end) were performed with T4 DNA ligase (New 
England Biolabs) in the manufacturer’s buffer at 16°C overnight.
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2.4.6 Plasmid purification
Plasmid purification was performed using Qiagen mini- or maxi-prep kits 
according to manufacturer’s instructions.
2.4.7 Polyacrylamide gel electrophoresis (PAGE)
Protein samples were routinely mixed with an equal volume of SDS sample 
buffer (4% SDS, 125mM Tris, pH 6.8, 10% p-mercaptoethanol, 20% glycerol and 
0.05% bromophenol blue), heated to 95° for 5 min and loaded onto SDS-PAGE gels 
(Laemmli, 1970). Pre-stained broad range SDS-standard markers (New England 
Biolabs) were used in each instance and gels run at 220 V using the Mini-Protean gel 
apparatus (BioRad). Gels were stained either by using Coomassie blue or the Silver 
Stain Plus kit (BioRad), or were transferred onto nitrocellulose filters for further 
Western blotting analysis.
2.4.8 Restriction digest
All restriction digests were performed according to the manufacturer’s 
instructions at 37°C for 2 hours.
2.4.9 Site-directed mutagenesis by PCR
All mutations were introduced using QuickChange™ Site-Directed Mutagenesis 
Kit. PCR reactions for site-directed mutagenesis were performed according to the 
manufacturer’s instructions (Stratagene) (Fig 2.1) with either one or two base changes 
being introduced with one mutagenic primer. The primers were homologous to the 
target sequence (apart from the introduced mutations). Sense and antisensense primers 
are shown in coding triplets with mutated bases underlined in Table. 2.1.
Step 1
Step 2
Step 3
Step 4
Step 5
1
l
i
l
Fig. 2.1 Principle of the QuickChange Site- 
Directed Mutagenesis method.
Step 1: Plasmid preparation generates a gene 
with a target site for mutation within the 
plasmid.
Step 2: Temperature cycling to denature the 
plasmid and anneal the oligonucleotide primers 
containing the desired mutation.
Step 3: PCR using Pfu Turbo DNA polymerase 
to incorporate the mutagenic primers, resulting 
in nicked circular strands.
Step 4: Digestion of parental DNA template 
with DpnI.
Step 5: Transformation of nicked circular 
dsDNA into XL 1-Blue supercompetent cells; 
the cells repair the nicks in the mutated primer. 
(Adapted from the Stratagene Instruction 
Manual)
Q
✓
target site for mutation 
mutagenic primer 
parental DNA strand 
mutated DNA strand
DNA substrate Top strands
T 8 bubble t c t a c c t g g a c g a c c g g g t (8)g g g c c a g c a g g t c c
ATCA
T 15 bubble t c t a c c t g g a c g a c c g g g t (15)g g g c c a g c a g g t
T 30 bubble TCTACCTGGACGACCGGGT(30)GGGCCAGCAGGT
A GCT CGGT ACCCGGGG AT CCTT AG A
A-25 GCTCGGTACCCGGGGATCCTTAGAT^)
(GACT) 20 bubble TCTACCTGGACGACCGGGGACTGACTGACTGACT
GACTGGGCCAGCAGGTCCATCA
ORB 1 box reverse AGCC A AGG ACCCCT CCGTTT CCT GT GG AGC AT CCT 
AAG
ORB 2 box forward CCTATGATGCTCCAGAGGAACCTGGGGGGTGTGG
GGCT
ORB 2 box reverse AGCCCC AC ACCCCCCAGGTT CCT CT GG AGC AT CAT 
AAG
ORB 3 box forward CCTAAGAGGATCCAGCGGAAAACAGGGGGTGTGG
GGCT
ORB 3 box reverse AGCCCC AC ACCCCCT GTTTT CCGCT GG AT CCT CTT 
AAG
ORB 4 box forward CTT AGCCGTCTCCACAGG AAACGG AGGGGTCGT A 
GGCT
ORB 4 box reverse AGCCTACGACCCCTCCGTTTCCTGTGGAGACGGCT
AAG
Substrates lacking ORB1 
box forward primer
CATCGAATTCCGGCAACCACGCCACG
Substrates lacking ORB4 
box reverse primer
CATCGAATTCCGGCGAGCTGACACACTAAG
Table 2.1 Oligonucleotides used for preparation of DNA binding substrates.
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2.4.10 Transformation by electroporation
Electrocompetent cells were prepared by Nicola Cook as described by 
Sambrook and Russel, 2001. Typically, 2\i\ of al0p,l ligation reaction, or 0.5pil of a 
plasmid midiprep was added to 20p,l o f electrocompetent cells in an electroporation 
cuvette. This was chilled on ice before a single 2500 volt shock was applied across the 
cuvette using Celljet electroporation equipment (Flowgen). 1ml of LB was added to the 
cells immediately, which were placed at 37°C for 1 hour before plating.
2.5 Biochemical techniques
2.5.1 ATP hydrolysis assay
2.5.1.1 Ammonium molybdate-malachite green assay
ATP hydrolysis was determined by using an ammonium molybdate-malachite 
green based method for assaying nanomolar quantities of inorganic phosphate as 
described previously (Lanzetta et al., 1979). Immediately before performing 
experiments the malachite green indicator solution was prepared by mixing 3 volumes 
of 0.045% (w/v) malachite green with 1 volume of 5% (w/v) ammonium molybdate in 
4M H2SO4. The mixture was stirred for 20 minutes and then passed through a 0.22- 
micron filter before use. ATPase buffer containing different concentration of MgCL 
(see Chapter 4) and 25mM Hepes, pH 7.5 was used. The reactions were carried out at 
various protein concentrations (see Chapter 5) and saturated amounts of single-stranded 
or double-stranded DNA. 50p,l samples from the reaction were removed and terminated 
with 0.9ml of indicator solution at various time points. After 1 minute 100(0,1 of 34% 
(w/v) sodium citrate was added. The colour was allowed to develop for 20 minutes 
before measuring absorbance at 660nm. This was correlated to phosphate concentration 
using a standard curve. Appropriate controls with no protein and no ATP were 
performed and experimental measurements altered accordingly.
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2.5.1.2 Thin layer chromatography (TLC)
The ATPase rates of A.pernix ORC-1 and ORC-2 proteins were determined 
by analysing the turnover of radioactively labelled ATP. The 20pl reaction mixture, 
contained 25mM Hepes, pH 7.5, 25mM MgCb, 6pM [y32P] ATP and 3pM A.pernix 
ORC-1 or ORC-2 proteins. Where indicated, reactions contained 3pM protein and/or 
6pM single-stranded or double-stranded ORB1 DNA. After incremental times of 
incubation at 75 °C, 1 pil aliquots were spotted onto polyethyleneimine-cellulose thin- 
layer plates (Merk), that were developed in 0.5M LiCl and 1M formic acid (pH 3.0) 
as the liquid phase and analysed by phosphorimaging.
2.5.2 DNA binding
2.5.2.1 Electrophoretic mobility shift assay (EMSA)
Analysis of single-stranded or double-stranded DNA binding was performed
using the electrophoretic mobility shift assay technique. Oligonucleotides (Oswel or
Cancer Research UK oligonucleotide synthesis service) were labelled using T4
polynucleotide kinase (New England Biolabs) and [y32P] ATP (Amersham).
Unincorporated nucleotide was removed using a Bio-Rad P6 spin column. For
double-stranded substrates the labelled oligonucleotide was annealed to a 2-fold
molar excess of a non-labelled complementary strand by cooling at l°C/min from
95°C to 25°C in a PCR machine. Unless stated otherwise, indicated protein
concentrations (see Results and Discussions) were incubated with 2.5nM
radioactively labelled DNA in a buffer (25mM Hepes, pH 7.5, and 25mM MgCE) at
room temperature for 10 min. The samples were then run on a 6% native
polyacrylamide gel to separate the protein-DNA complex from the free DNA. Gels
were dried and analysed with a Storm phosphorimager and ImageQuant software.
DNA substrates used for binding experiments are shown on Table 2.1.
Oril DNA was amplified by PCR from A. pernix  genomic DNA using the 
following oligonucleotides: forward 5’TTATTAAGCTAGAAAGCGGGTCCAG3’
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and reverse 5’TGGGGGTGGATGCGCTTC3\ This DNA was cloned into the Smal 
site of pUC19 to give the plasmid pOril (constructed by Ian Grainge). Radiolabelled 
Oril DNA was produced by PCR using one of the above oligonucleotides 5’ end- 
labelled with T4 PNK and y 32P ATP and the corresponding non-labelled 
oligonucleotide with pOril as a template. The extended product was run on a 6% 
acrylamide gel in lxTBE (90mM Tris borate, pH 7.5, ImM EDTA) and the wet gel 
exposed to film. The extension product was excised and eluted at 30°C in lOmM Tris, 
pH 7.5, ImM EDTA, lOOmM NaCl, and subsequently passed through a 0.22pm filter 
to remove acrylamide fragments, followed by ethanol precipitation.
2.5.22 Analysis o f binding data
DNA binding experiments were repeated in triplicate and the average and 
standart deviations from the three data sets were ploted. The data were analysed using 
GraphPad Prism, and where appropriate were fitted to a simple independent binding 
sites model (Clark and Engel, 1996):
a = a M(([P]T+[DNA]T+K<l(app))-(([P]T+[DNA]T+Kd(app))2
-4.[P]t.[DNA]t)05)/(2.[DNA]t ),
where a  is the percentage of DNA bound, (Xm is the percentage of DNA bound at 
saturation, .[P]t is the total protein concentration, .[D N A ]t is the total concentration 
of DNA and Kd(app) is the apparent dissociation constant. This equation describes the 
association of a protein with a ligand at equilibrium when each binding event is 
entirely independent and in such cases can be used to derive the dissociation constant 
for the interaction.
Sigmoidal curves were fitted to the Hill equation and used to determine the 
Hill coefficient n: a = a M(([P]nT)/([P]nT)+K) (Clark and Engel, 1996).
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2.5.3 Strand displacement (helicase) assay
Helicase time course reactions were carried out at 55°C in a reaction buffer 
containing 25mM Hepes, pH 7.5, 5mM MgCh, lOmM ATP and 10% glycerol using 
InM DNA substrate and different protein concentrations (see Chapter 4). After 2min 
pre-incubation at 55°C, the reactions were started by adding ATP and later stopped 
by adding stop buffer (0.1% w/v SDS, 40mM EDTA, 8% v/v glycerol, 0.1% w/v 
bromophenol blue). Protein titration experiments were performed exactly as above 
but using various quantities of protein. The effect of A.pernix ORC-1 and ORC-2 
proteins and their deletion mutants was investigated by adding these proteins to the 
reaction mixture in the concentrations indicated in the text (see Chapter 5).
Displaced oligonucleotide was separated from annealed oligonucleotide by 
electrophoresis through a 10% non denaturing polyacrylamide mini-gel at a constant 
voltage at 150V. Gels were then dried and exposed to a phosphorimage cassette. 
Quantitive analysis was performed with a phosphorimager and ImageQuant software. 
Strand displacement is measured as a percentage by determining the counts 
associated with displaced oligonucleotide and the total counts associated with both 
annealed and displaced oligonucleotide in each lane.
2.5.4 Dnasel footprinting
Footprinting reactions were carried out in 20pl volume reactions containing 
20mM Tris-acetate (pH7.5), lOmM magnesium acetate, lOOmM NaCl, 0.1 mg/ml 
BSA, 5pg/ml salmon sperm DNA, ImM ATP and 50fmol labelled substrate DNA. 
Protein was added to concentrations stated and allowed to bind for 5 minutes at 37°C. 
0.1U of Dnasel was then added and the incubation continued for 70 seconds at 37°C. 
Reactions were stopped by addition of 2pl 1% SDS, 200mM EDTA and then 
extracted with phenol/chlorophorm followed by ethanol precipitation. DNA was 
recovered by centrifugation, washed with 70% EtOH, dried and resuspended in
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loading dye (8M urea, 0.01% bromphenol blue, 0.01% xylene cyanol). DNA was 
then electrophoresed in 6% acrylamide gels containing 8M Urea at 75W.
Maxam and Gilbert (A/G) sequencing ladders were produced in a variation of 
the method described by Sambrook (Sambrook and Russell, 2001). Labelled PCR 
product was taken and diluted to 1 Op.1 volume. 4pil of 2mg/ml salmon sperm DNA 
was then added followed by 3pi of 88% formic acid, and the reaction incubated for 5 
minutes at 37°C. lOOpl of 10% piperidine (v/v) was added and incubated at 90°C for 
18 minutes. Reactions were then extracted twice with 1ml water-saturated butanol 
followed by precipitation with 1ml 100% butanol. DNA was then dried and 
resuspended in urea loading dye.
2.5.5 Phosphorylation assay
Phosphorylation assays for A.pernix ORC-2 protein were performed at 75°C 
for lOmin and for ORC-1 protein-for 5 hours. The proteins were incubated in a 
reaction mixture (lOpl volume) containing 1.4pM [y- P] ATP in 25mM Hepes, pH 
7.5, 25mM MgCb, in the presence or absence of 5.6pM single-stranded or double­
stranded DNA (ORB1). Unless otherwise stated, A.pernix MCM protein was used at 
concentration 0.46pM/hexamer, A.pernix ORC-2 and ORC-1 proteins and their 
deletions mutants were used at concentration 2.8pM per reaction. The proteins were 
then separated by 12% SDS PAGE gel and the 32P-labelled bands were detected using 
a phosphorimager.
To detect possible amino acid residues o f A.pernix  MCM protein 
phosphorylated by A.pernix ORC-2, an MCM peptide membrane array was used 
(prepared by Nicola O’Reilly, Protein and Peptide Chemistry Laboratory, CR UK). 
The phosphorylation reaction was done as described above in total volume of 3ml. 
The membrane containing the A.pernix MCM peptides was covered with the reaction 
mixture and incubated for 30 minutes in a 75°C water bath. The membrane was 
washed five times with lOmM EDTA, followed by washing with 3% SDS and then
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with 1.5M NaCl. To remove any non-specifically bound ATP, the membrane was 
washed overnight at room temperature with 500mM phosphoric acid. The membrane 
was then washed first with water, then with ethanol, dried, and exposed overnight to a 
phosphorimager cassette.
2.6 Protein purification
2.6.1 A.fulgidus MCM protein and its deletions
2.6.1.1 Expression and purification ofwt  A.fulgidus M CM
The A.fulgidus mcm gene (AF0517) was amplified by PCR from genomic 
DNA and ligated into pET22b vetor (Novagen) by Ian Grainge. The construct was 
transformed into E.coli BL21 2+Acat electrocompetent cells, bearing a plasmid 
encoding rare t-RNAs (pSJS1240, gift from S. J. Sandler). Individual colonies were 
selected on LB plates with added ampicillin and streptomycin. A single colony was 
used to inoculate three litres of LB culture, containing lOOpg/ml ampicillin and 
lOOpg/ml streptomycin. The culture was grown with shaking at 37°C until OD600 
reached 0.5 and then protein expression was induced with ImM IPTG for 4 hours. 
Cells were harvested by centrifugation at 5,000g. The pellets were resuspended in 
30ml of resuspension buffer (50mM Tris, pH7.5, ImM EDTA, 20mM NaCl, 20% 
sucrose, ImM DTT) and frozen at -80°C until required. The cells were thawed and 
lysed by passaging through a homogeniser (Stansted Fluid Instruments) at 15,000psi 
(lpsi~6.9kPa) in the presence o f 140ng/ml pepstatin, 400ng/ml leupeptin, ImM 
PMSF. Cell debris was removed by centrifugation at 20,000g at 4°C. The protein in 
the supernatant was heat precipitated at 55°C for lOmin and collected by 
centrifugation. The supernatant was precipitated by the addition of 0.44g/ml 
ammonium sulphate, and collected by centrifugation at 20,000g for 20min at 4°C. 
The pellet was resuspended in a buffer containing 50mM Tris, pH 7.5, ImM EDTA 
ImM DTT, so that the conductivity was lOmS/cm and loaded onto a Cibacron Blue
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Sepharose column. The column was washed with buffer A (50mM Tris, pH 7.5, 
50mM NaCl, ImM EDTA, ImM DTT) and the protein was eluted in buffer B (50mM 
Tris, pH 7.5, 500M NaCl, ImM EDTA, ImM DTT). The eluant was diluted to a 
conductivity of lOmS/cm and loaded onto a 5ml HiTrap heparin column (Pharmacia). 
Protein was loaded in buffer A and eluted with a linear gradient of buffer B. The 
eluant was run on a HiLoad 16/60 Superdex 200 gel filtration column (Pharmacia) 
equilibrated in 50mM Tris, pH 7.5, 150mM NaCl, ImM EDTA, ImM DTT. The 
protein fractions from the resulting peak were collected together and diluted to a 
conductivity lOmS/cm. The protein was then loaded onto a 10ml MonoQ column 
(Pharmacia) in buffer A and eluted with a linear gradient to buffer B. The purified 
MCM protein was supplemented with glycerol to 10% and stored in aliquots at 
-70°C. Yields were typically 2-3mg of protein per 1L of culture.
2.6.12 Expression and purification of 1-399 A.fulgidusMCM
Deletion mutants of 1-399 amino acids were amplified by PCR and cloned 
into the Ndel-BamHI sites of pET22b vector using the following oligonucleotides: 
NdeI-5'GGGAATCATCATATGGGTATAAGCAGTCCGGCAC3' and BamHI- 
5 ’ AGCCCGGATCCCT ATT A A AGTTT GCTT ACC AATTT G3 ’. The plasmid was 
transformed into E.coli BL21 2+ Acat electrocompetent cells and expressed using the 
same strategy as used for the full-length A.fulgidus MCM. The protein was loaded 
onto a HiTrap Chelating HP column, charged with ZnCE. The column was washed 
with buffer A (see above) and eluted with step gradient of buffer I (50mM Tris 
pH7.5, 50mM NaCl, 500mM Imidazole). The sample was next loaded onto a 
Hydroxylapatite column at a conductivity of 1 OmS/cm. The column was washed and 
the protein eluted with a gradient of buffer K (1M KHPO4, pH 6.8, ImM DTT). The 
protein was concentrated to 3ml and loaded onto a Superdex 200 gel filtration column 
(Pharmacia) as described above for the full-length.
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2.6.2 Expression and purification of A. pemix proteins
2.62.1 Expression and purification o f  A. pernix M CM  protein and its mutants
The A.pernix gene (APE0188) was amplified by PCR from genomic DNA and 
ligated into pET28b vetor (Novagen) by Ian Grainge. The construct was transformed 
into E.coli BL21 2+ Acat electrocompetent cells. Individual colonies were selected on 
LB plates with added ampicillin and streptomycin. A single colony was used to 
inoculate 3L of LB culture, containing 100p,g/ml ampicillin and lOOpg/ml 
streptomycin. The culture was grown with shaking at 37°C until OD600 reached 0.5 
and protein expression was induced with ImM IPTG for 4 hours. Cells were 
harvested by centrifugation at 5,000g. The pellets were resuspended in 30ml of 
resuspension buffer (50mM Tris, pH 7.5, ImM EDTA, 20mM NaCl, 20% sucrose, 
ImM DTT) and frozen at -80°C until required. The cells were thawed and lysed by 
passaging through a homogeniser (Stansted Fluid Instruments) at 15,000psi in the 
presence of 140ng/ml pepstatin, 400ng/ml leupeptin, ImM PMSF. Cell debris was 
removed by centrifugation at 20,000g. The protein in the supernatant was heat 
precipitated at 55°C for lOmin and centrifuged. The supernatant was precipitated by 
the addition of 0.44g/ml ammonium sulphate, and collected by centrifugation at 
20,000g for 20min at 4°C The pellet was resuspended in a buffer containing 50mM 
Tris, pH 7.5, ImM EDTA ImM DTT, so that the conductivity was lOmS/cm and 
loaded onto a Source30Q column equilibrated with buffer A (50mM Tris, pH 7.5, 
50mM NaCl, ImM EDTA, ImM DTT). A.pernix MCM protein was eluted with a 
linear gradient of buffer B (50mM Tris, pH 7.5, 1M NaCl, ImM EDTA, ImM DTT). 
Saturated ammonium sulphate solution was added to the eluant to bring the final 
concentration of ammonium sulphate to 1M. The protein was then loaded onto a 
Source Isopropyl column (Pharmacia) in 50mM Tris, pH 7.5, ImM EDTA, ImM 
DTT, 1M ammonium sulphate, and eluted with a linear gradient to buffer B. Eluate 
was run on a HiLoad 16/60 Superdex S200 gel-filtration column (Pharmacia) 
equilibrated in a buffer containing 50mM Tris, pH 7.5, 500mM NaCl, ImM EDTA, 
ImM DTT.
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pET28b constructs carrying C152A, K349E, S350E, E408A and R476A 
mutations of the mcm gene were transformed into E .co li BL21 Acat 2+ 
electrocompetent cells and purified the same way as the wt A.pernix MCM protein.
PET28b construct containing N-terminal deletion of 256 amino acids of 
A.pernix MCM was made by Ian Grainge. The same expression and purification 
procedure was followed as for the wild type protein.
2.62.2 Expression and purification of A.pernix ORC-2 protein and its domains
ORC-2 and its domains and apo forms were prepared as described previously 
(Singleton et al., 2004).
2.6.2.3 Expression and purification of A.pernix ORC-1 protein and its domains
i) A.pernix ORC-1 protein
pET22b plasmid carrying ORC-1 (construct made by Ian Grainge) was 
transformed into E. coli strain BL21 (DE3). Cells were grown in LB at 37°C for 3 
hours to an OD600 of 0.5 and the protein expression was induced with ImM IPTG at 
30°C for 4 hours. Cells were harvested by centrifugation and resuspended in a buffer 
containing 50mM Tris, pH 7.5, 500mM NaCl, ImM EDTA, 140ng/ml pepstatin, 
400ng/ml leupeptin, ImM PMSF, ImM DTT. Cells were disrupted by passaging 
through a homogeniser (Stanstead Fluid Instruments) at 15,000psi. The lysate was 
clarified by centrifugation at 20,000g for 20min, followed by heat treatment at 55°C 
for 1 Omin and another centrifugation step. 0.4g/ml ammonium sulphate was added to 
the resulting supernatant and the centrifugation was repeated as above. The pellet was 
then resuspended in a buffer containing 50mM Tris, pH 7.5, ImM EDTA, ImM DTT 
so that the conductivity was around 25mS/cm. The protein was then loaded onto a 
Cibacron blue Sepharose column equilibrated with buffer A (50mM Tris, pH 7.5, 
250mM NaCl, ImM EDTA, ImM DTT), washed with several column volumes of a
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buffer A and then eluted with buffer B (50mM Tris, pH 7.5, 1M NaCl, ImM EDTA, 
ImM DTT). The resultant protein was diluted in buffer A to a conductivity of 
25mS/cm and loaded onto a 5ml HiTrap heparin column (Pharmacia) equilibrated in 
a buffer A. The column was washed with several volumes of buffer A and then eluted 
with a linear gradient of buffer B. The eluate was passed through a HiLoad 16/60 
Superdex 75 gel-filtration column (Pharmacia) equilibrated in 50mM Tris, pH 7.5, 
1M NaCl, ImM EDTA, ImM DTT. Yield was approximately 3mg of protein per 
1 litre of cells grown up.
The apo form of the protein was prepared as described for ORC-2 (Singleton 
et al, 2004) by denaturing in 6M guanidine chloride, re-folding in 1M magnesium 
chloride, followed by binding to a heparin column and elution with a linear gradient 
to 1M NaCl.
ii) Domain I+II ORC-1
Domain I+II was amplified by PCR using as a forward primer 
5 ’ G G G A A T T A C C A T A T G G C G G A T C C C T T G G A G G 3 ’ a n d  
5’AGCCCGAATTCCTATTACCTATCCCTCTCAATCTCAGC3’as a reverse 
primer.
The product was cloned and expressed as described for the wild type (see above). 
Purification proceeded as for the wild type up to the purification step on a Cibacron 
blue-Sepharose column. Saturated ammonium sulphate solution was added to the 
protein to bring the final concentration of ammonium sulphate to 1M. The protein 
was then loaded onto a low-substitution phenyl column (Pharmacia) in 50mM Tris, 
pH 7.5, ImM EDTA, ImM DTT, 1M ammonium sulphate, and eluted with a linear 
gradient of buffer B. Eluate was run on a HiLoad 16/60 Superdex 75 gel-filtration 
column (Pharmacia) equilibrated in 50mM Tris, pH7.5, 500mM NaCl, ImM EDTA, 
ImM DTT.
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iii) Domain III ORC-1
Domain III of ORC-1 was cloned into the Ndel and EcoRI sites of pET28a 
vector to yield an N-terminal His-tag fusion protein (construct made by Ian Grainge). 
Growth and expression was carried out as for the full-length protein. Domain III 
protein was purified on a 5ml HiTrap chelating column charged with Ni2+ 
(Pharmacia). The column was washed in buffer I (50mM sodium phosphate, pH 6.8, 
500mM NaCl and lOmM imidazole) and eluted with a linear gradient of buffer Q 
(50mM sodium phosphate, pH 6.8, 500mM NaCl and 250mM imidazole). The pooled 
fractions were then diluted in lOmM sodium phosphate, pH 6.8 to a conductivity of 
15mS/cm and then loaded onto a HiTrap heparin column in buffer R (25mM sodium 
phosphate, pH 6.8, 50mM NaCl, ImM EDTA) and eluted with a linear gradient of 
buffer R + 1M NaCl. Pooled fractions were then run on a S75 gel filtration column in 
25mM sodium phosphate, pH 6.8, ImM EDTA, ImM DTT, 500mM NaCl. The yield 
was approximately 5mg protein per litre of culture.
mi) R198A ORC-1
T W
Site directed mutagenesis was carried out by PCR, using QuickChange 
Site-Directed Mutagenesis Kit (Stratagene). pET22b vector carrying ORC-1 was used 
to introduce a substitution into the coding sequence o f ORC-1. The primers for the 
codon substitution underlined in each case were as follows: for Arginine 198 to 
alanine (R198A), 5’GAAAACCTGGAGCCCGCGGTCAAGAGCAGCCTC3’ and 
5 *GAGGCTGCTCTTGACCGCGGGCTCCAGGTTTTC3 ’. The PCR program used 
for first and second step reactions was: 18 cycles (95°C for 0.30 minutes, 55°C for 1 
minute, 68°C for 7 minutes) and a final extension step at 68°C for 10 minutes. All 
reaction conditions were as described by the manufacturer (Stratagene). The R198A 
mutant of ORC-1 was expressed and purified as described for the wild type.
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2.7. Yeast two hybrid analysis
2.7.1. Lithium acetate method for yeast transformation
A single colony from the AH 109 yeast strain (or Y187) was used to inoculate 
100ml YPD medium. The culture was grown at 30°C with vigorous shaking until the 
OD600 reached 0.5. The culture was pelleted by centrifugation at 4,000rpm after it 
reached the desired optical density. The pellet was washed twice with sterile water 
and resuspended in lOOpl LiAc/TE (as suggested by the Clontech Matchmaker GAL4 
Two-hybrid System manual). lOOpl of this was aliquoted in eppendorf tubes. 
Transforming DNA was added at a concentration of lpg  per reaction tube, with 3 pi 
carrier DNA and 700pl freshly prepared LiAc/TE/PEG solution. The tubes were 
incubated at 30°C without shaking for 30min. After the incubation, the cells were heat 
shocked at 42°C for 15min. 100pi from each tube was plated on selective plates and 
incubated at 30°C for 2-3 days until the colonies appeared.
2.7.2. Genomic library screen
Yeast strains were maintained at 30°C on YPD plates. The yeast two-hybrid 
analysis was performed as described in the Clontech Matchmaker System Manual and 
Yeast Protocol Handbook (Fig. 2.2 and Fig. 2.3). The bait plasmid encoding the first 
147 amino acids of GAL4 DNA-BD was fused to A.fulgidus MCM, A.fulgidus ORC- 
1 or ORC-2 proteins. An A.fulgidus genomic DNA library, containing 3x106 
independent clones was prepared by N. Cook. The library was cloned into pGADT7 
to create GAL4-AD fusions and transformed into the Y187 yeast strain. The yeast 
strain AH 109 was transformed with pGBKT7-BD/MCM (ORC-1 or ORC-2) by the 
lithium acetate method described above. Transformants were selected on synthetic 
dropout plates lacking tryptophan (SD/W). Transformants were tested for 
transcriptional activation by plating colonies on SD/W, X-a-gal, SD/W, H, X-a-gal 
and SD/W, A, X -a-gal plates followed by incubation at 30°C for 5 days. 
Transformants were tested for leaky HIS3 expression by plating colonies on a series
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of SD/W, H plates containing 3-amino-1, 2, 2-triazole (3-AT) in the range of 0- 
25mM (0, 2.5, 5, 7.5, 10, 12.5, 15, 20 and 25mM). The plates were incubated at 30°C 
for 6 days. A cell toxicity test was also performed comparing the growth rates in 
liquid cultures (YPD) of the transformed bait and an “empty” pGBKT7—BD vector.
A culture of one large colony (2-3mm in diameter) of the AH 109 strain 
carrying pGBKT7-BD/MCM (or ORC-1 or ORC-2) was grown overnight at 30°C in 
50ml of SD/W. Cells were recovered by centrifugation at l,000g for 5min and 
resuspended in 5ml of residual liquid by vortexing. These cells were mixed (mated) 
with 1ml of Y187 yeast strain carrying pGADT7-AD/A.fulgidus genomic DNA 
library and 45ml of 2xYPD containing 0.003% adenine and 10mg/l kanamycin 
(2x YPD A/Kan) and incubated at 30°C for 24 hours with shaking (30rpm). The cells 
were harvested by centrifugation (l,000g for lOmin) and resuspended in 10ml of 
0.5x YPD A/Kan. lOOpl of a 1:10 000, 1:1000, 1:100 or 1:10 dilution of the mating 
mixture was plated out on SD/L, SD/W and SD/L, W plates to control mating 
efficiency. Mating efficiency was calculated as (#cfu/ml of diploids/#cfu/ml of 
limiting partner) xl00=% diploid, where the limiting partner is the Y187 (library) 
strain. 50% of the mating mixture was plated on SD/W, L, H, A and 50% on SD/W, 
L, H plates. All plates contained X-a-gal at a concentration of 0.5pg per 20ml plate. 
Plates were incubated at 30°C for 8-15 days, until the colonies had grown bigger than 
2 mm in diameter. The surviving colonies from SD/W, L, H plates were replica plated 
onto SD/W, L, H, A plates and incubated for 3 days at 30°C (Fig. 2.2).
GAL4 DNA-BD/A.fulgidus MCM (ORC-1 or ORC-2)
i
Transform AH 109 with bait plasmid and test for:
• Transcriptional activation
• His3 expression
• Cell toxicity
I
Prepare an overnight culture of the 
transformed bait strain
Mix (mate) the pre-transformed bait and library 
cultures
Thaw an aliquot of the 
pre-transformed library A.fulgidus 
genomic DNA-GAL4 AD in Y 187
i
Plate the entire mating culture (and controls) on 
appropriate selection plates
l
Perform (3-gal assay
i
Analyse and verify positive clones
Fig. 2.2 Yeast two-hybrid library screening procedure.
SD/L plate carrying prey 
proteins in AH 109 yeast strain
SD/W plate carrying bait 
proteins in Y 187 yeast strain
II
Mating of the opposite strains by 
cross-gridding on YPD plates
oooo>
o o o o
OOOO,
Replica plating of the diploid 
yeast on SD/L, W plates
Replica plating on SD/L, W, A, 
H, X-a-Gal plates
Replica plating on SD/L, 
W,(3-Gal plates
fo  O 0 o\ /o o o o\
o o o o o o o o
l o o o  o Vo o o o)
Fig. 2.3 Interaction mating by cross-gridding and |3-galactosidase assay.
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2.7.3 Interaction mating
The full-length MCM, ORC-1 and ORC-2 proteins and their deletion mutants 
were introduced into the AD vector pGADT7, and BD vector pGBKT7 and 
transformed into AH 109 (Mat a) and Y187 (Mat a). The two opposite yeast strains 
were cross-gridded together and plated onto YPD plates, where cells of different 
mating types can mate and form diploids at the intersection line. The diploid yeast 
containing the two proteins was replica plated on SD/L, W plates. The selection for 
positive protein-protein interactions was performed by replica plating on SD /L, W, 
A, H, X-a-gal (Fig. 2.4). The positive blue colonies were further analyzed using a 13- 
gal assay to eliminate false positives (Clontech). The mating procedures and selection 
for the positive interactions were repeated as above by switching the yeast strains and 
vectors. As a positive control, strains containing pGBKT7-53 and pGADT7-T were 
mated. These encode fusions between the GAL4 DNA-BD and AD and murine p53 
and SV40 large T-antigen, respectively (Clontech). As a negative control pGBKT7- 
Lam, which encodes a fusion of the GAL4 DNA-BD with human lamin C, was used. 
This provides a control for an interaction between an unrelated protein and the 
GADT7-T control (Clontech)
Assays for |3-galactosidase activity were performed once colonies bigger than 
2mm in diameter were formed. The yeast colonies were streaked onto Hybond-N+ 
membrane (Amersham Pharmacia Biotech); the membrane was placed on an SD/L, 
W plate and colonies grown at 30°C for two days. The cells were lysed by snap 
freezing in liquid nitrogen and thawed at 20° C. The membrane was placed onto an 
SD/ L, W plate containing a Whatman paper pre-soaked in 50ml of Z buffer (60mM 
Na2HPC>4, 40mM Na^PCU, lOmM KC1, ImM MgSC>4, 0.3% P-mercaptoethanol) 
containing 0.33mg/ml of X-gal and incubated at 30°C for 7-8 hours.
Replate yeast colonies on a selective medium
Amplify genomic DNA inserts by colony PCR
Sequence
Identification of the sequenced positive interactors by 
BLAST comparison
1
Check the specificity of interaction of the positive 
clones by mating them with non-specific (random) 
bait protein
Fig. 2.4 Analysis and verification of positive clones.
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2.7.4 Identifying positive interactors by yeast colony PCR
The positive interactors from the genomic library screen were retrieved by PCR 
amplification directly from the yeast colonies. One day before the PCR reactions the yeast 
strains were replica plated on YPD plates using a 96-well plate as a guide. To PCR the 
encoding sequences the follow ing prim ers were used: T7 forw ard
5’TAATACGACTCACTATAGGGC3’ and a 3’activation domain sequencing primer 
5’AGATGGTGCACGATGCACAG3\ On the day of the experiment, 50pl PCR mixtures 
were prepared according to the manufacturer’s instructions (Stratagene) in the presence of 
lOOng of the forward and reverse primers. 50pl aliquots were transferred into each well of 
the 96-well plate and kept on ice. Yeast cells from the positive colonies were picked using 
sterile toothpicks and resuspended in lOpl 20mM NaOH. These yeast suspensions were 
micro waved for 30 seconds and 3pi of each of them was added into each of the PCR 
mixtures. The PCRs were run according to the following programme: 94°C for lmin, 
followed by 35 cycles of 94°C-lmin, 56°C-1.5min, 72°C-3min and one cycle of 72°C for 
5min. 5pi of each PCR reaction were run on a 1% agarose gel. The PCR products were 
purified and sequenced.
2.7.5 Preparation o f yeast protein extracts by the TCA method
Each deletion of MCM was cloned in to AD and BD vectors and transformed in 
AH 109 and Y187 yeast strains. Overnight cultures of these transformations were prepared. 
Next day, 50ml aliquots of YPD medium were inoculated with the entire overnight cultures 
and incubated at 30°C with shaking until the OD600 reached 0.5. The OD600 units of each 
sample were calculated by multiplying the OD600 of each sample by the culture volume of 
the sample. (For example 0.5x50=30 total OD600 units). The cultures were then centrifuged 
at lOOOg for 5min at 4°C. The pellets were resuspended in 50ml of ice-cold water and 
pelleted again at the same conditions. Each cell pellet was resuspended in lOOpl of ice-cold 
TCA buffer (20mM Tris, pH 8.0, 50mM ammonium acetate; 2mM EDTA, 50pl/ml 
protease inhibitor solutions) per 7.5 OD600 units of cells. Each cell suspension was
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transferred to a microcentrifuge tube, containing glass beads and ice cold 20%TCA 
(Sambrook and Russell, 2001). The cells were disrupted by vortexing for five times in 30 
seconds sessions, the tubes were placed on ice for 30sec in between sessions. The 
supernatants above the settled glass beads were transferred to new 1.5ml tubes and placed 
on ice. Proteins were pelleted by centrifuging at 14,000rpm for lOmin at 4°C. Each pellet 
was then resuspended in 1 Opl TCA-Laemmli loading buffer (SDS/glycerol stock solution, 
Tris/EDTA stock solution, p-mercaptoethanol, protease inhibitor) per OD600 unit of cells. 
The samples were boiled for lOmin and centrifuged at 14,000rpm for lOmin at room 
temperature. The supernatants were transferred into new tubes and loaded on a SDS-gel.
2.7.6 Western blot analysis
The gel-separated proteins were transferred to nitrocellulose membranes using 
standard Western blot technique. The membranes were treated for one hour at room 
temperature with phosphate-buffered saline (PBS), pH 7.5 containing 5% (w/v) milk 
powder. The membranes were then incubated with primary antibodies for one hour, 
followed by incubation with secondary antibodies for 45min. Antibodies made against the 
c-Myc (BD) and HA (AD) epitope tags were used. Protein-antibody complexes were 
visualized by an enhanced chemoluminescence Western blotting detection system 
(Amersham).
2.7.7 Analysis with in vitro translated proteins
Co-immunoprecipitation of full-length MCM, ORC-1 and ORC-2 proteins and their 
deletion mutants with each other was performed using the Matchmaker Co-IP Kit according 
to the manufacturer’s instructions (Clontech). The protein couples were co-transcribed and 
co-translated in vitro using TnT® T7 Coupled Reticulocyte Lysate System in the presence 
of [35S] methionine, following the manufacturer’s instructions (Promega). Each clone was 
transcribed and translated separately. 5pi of each of the 50pl translation reactions were
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analysed by 10% SDS-PAGE gels. 22.5pl of each of the co-translations and lOfxl of each of 
the single translations were incubated for lh  at 20°C with lp g  hemagglutinin (HA) 
polyclonal antibody. 3 pi of protein A beads were equilibrated with PBS and added to each 
reaction. The beads were then incubated for lh  at 20°C with agitation. The beads were 
washed seven times with 500pl of wash buffer (25mM Tris, pH 7.5, 300mM NaCl, 0.2% 
NP40, 0.1% SDS, 10% glycerol) and protein complexes eluted with 20pl of SDS sample 
buffer. lOpl of each elution was analysed by 10% SDS-PAGE and labeled polypeptides 
were detected by phosphorimaging.
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CHAPTER 3 
PROTEIN-PROTEIN INTERACTIONS 
WITHIN THE PRE-RC OF A.fulgidus
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3.1. A f.MCM hexamerisation domain
3.1.1 Introduction
Minichromosome maintenance (MCM) helicases are ring-shaped complexes that 
play an essential role in archaeal and eukaryal DNA replication. Whereas eukaryotes all 
have six different, albeit homologous MCM proteins, their number in archaea is 
variable, with several species having only a single paralog.
The structure of the archaeal MCM complex is unclear. The MCM homologues 
of S.solfataricus (Carpentieri et al., 2002) and A.fulgidus (Grainge et al., 2003) form 
hexamers in solution, but M.thermoautotrophocum MCM appears to form dodecamers 
(Kelman et al., 1999; Chong et al., 2000; Shechter et al., 2000; and Poplawski et al., 
2001). Electron microscopy (EM) analyses of MthMCM  revealed ring-shaped hexamer 
(Chong et al., 2000) or heptameric assemblies (Yu et al., 2002). More recent three- 
dimensional reconstructions of different fragments of the MthMCM  revealed formation 
of single hexamers only (Chen et al., 2005). Thus, it appears that only the full-length 
protein may be capable of forming heptamers. Although most processive helicases 
appear to be hexameric, it is possible that hexamers and heptamers may form under 
different conditions, and the ability to form rings with different symmetries may be a 
general property of helicases and other ring-forming proteins (Yu et al., 2002). It is 
possible that upon assembly around the DNA, the heptameric ring of the MthMCM  may 
loose one subunit, encircle DNA, and then close to form a ring with six subunits, 
becoming the active enzyme (Yu et al., 2002; Kelman and Kelman, 2003).
The crystallographic structure of MthMCM  N-terminal portion (residues 2-286) 
revealed a dodecameric architecture, with two hexameric rings juxtaposed in a head-to- 
head configuration (Fletcher et al., 2003). According to this crystal structure, each 
monomer is folded into three distinct domains A, B and C (Fletcher et al., 2003). 
Domain A is needed for dsDNA translocation and is believed to have a regulatory 
function, while domain C is necessary and sufficient for MCM multimerisation and 
helicase activity (Kasiviswanathan et al., 2004). Domain B is the major contact with 
ssDNA and contains the zinc-binding motif. The zinc-binding motif is required for the 
head-to-head assembly of the two hexameric rings (Fletcher et al., 2003). The three- 
dimensional crystal structure suggests that the zinc-binding site plays a role in double
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hexamer formation. However, biochemical analysis of a zinc-binding mutant showed 
that the mutant protein is impaired in single-stranded DNA binding but not double- 
hexamer formation (Poplawski et al., 2001). In addition, studies with the A.fulgidus 
MCM suggested that domain B, which contains the zinc-binding site, is not needed for 
multimerisation (Grainge et al., 2003) but probably for single-stranded DNA binding. 
Further analysis on the N-terminal part of MthMCM  revealed that domain C is 
necessary and sufficient for MCM multimerisation and is essential for helicase activity 
(Kasiviswanathan et al., 2004).
3.1.2 Aim of the project
This work was focused on the characterization of the oligomerisation domain of 
MCM homologue from the euryarchaeon Archaeoglobus fulgidus (4/MCM). The GAL4 
based yeast two-hybrid system and in vitro analysis were used for detecting the minimal 
hexamerisation sequence of AJMCM. Knowledge of the minimal hexamerisation region 
may help in identification of a fragment of the MCM protein suitable for structural 
studies.
3.1.3 Tw o-hybrid approach fo r delim iting the MCM-MCM  
interacting domain (s)
Secondary structure prediction of AJMCM protein was performed using the 
protein prediction server http://www.embl-heidelberg.de/predictprotein. Subsequently, 
six sequential 100 amino acid deletions from the C-terminus (residues 1-599, 1-499, 1- 
399, 1-299, 1-199 and 1-99) and six sequential deletions of 100 amino acids from the 
N-terminus of the AJMCM protein (residues 101-699, 201-699, 301-699, 401-699, 501 - 
699) were amplified by PCR. The amplified products were subcloned into the EcoRI- 
BamHI sites of the activation domain and binding domain fusion vectors provided by 
the Clontech Two-Hybrid Kit. The DNA binding domain vector pGBKT7 contains the 
TRPJ gene for yeast selection and has kanamycin resistance for bacterial selection. The 
DNA activation domain vector pGADT7 contains LEU2 gene for yeast selection and 
ampicillin resistance for bacterial selection. The activation and binding domain vectors
Results and Discussion 105
carrying the truncated MCM proteins were transformed into AH 109 (Mat a) and Y187 
(Mat a) yeast strains.
At the beginning, all the bait proteins were examined for protein expression by 
Western blot analysis. Next, they were tested for toxicity effects by comparing their 
growth rate with that of cells transformed with an empty pGBKT7-BD vector. 
Inspection for transcriptional activation was performed by mating (mixing) them with 
an empty pGADT7-AD vector. Leaky HIS3 expression was tested by plating the 
transformed baits on selective dropout media lacking histidine (SD/H). All the 
experiments confirmed that the bait proteins could be used in the two-hybrid system 
efficiently since they expressed well, did not activate transcription or cause leaky HIS3 
expression, and were not toxic.
Protein-protein interactions between the MCM deletion mutants were assessed 
by mating the two opposite yeast strains containing the activation and binding domain 
vectors. The two opposite yeast strains were cross-gridded together and plated onto 
YPD plates, where cells of different mating types can mate and form diploids at the 
intersection line. The diploid yeast, containing the protein couples, was replica-plated 
on selective dropout plates lacking leucine and tryptophan (SD/H, W). To select for 
positive interactions, the diploid yeast colonies were replica-plated on plates lacking 
adenine, histidine, leucine and tryptophan (SD/A, H, L, W). The positive colonies were 
further analyzed by the p-galactosidase assay to eliminate false positives. The mating 
procedures and selections for the positive interactions were repeated as above by 
switching the yeast strains and vectors. As a positive control, strains containing 
pGBKT7-53 and pGADT7-T were mated. These encode fusions between the GAL4 
DNA-BD and AD and murine p53 and SV40 large T-antigen, respectively (Clontech). 
As a negative control pGBKT7-Lam, which encodes a fusion of the GAL4 DNA-BD 
with human lamin was used. This provides a control for an interaction between 
unrelated protein and the GADT7-T control (Clontech).
At the beginning, full length AfiACM  was chosen to act as bait. Interactions 
between the full-length MCM and the MCM truncation library are shown on Fig. 3.1 A. 
MCM interacts positively with itself and the following deletion mutants: residues 1-599,
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1-499, 1-399, 101-699 and 201-699. These first results suggested that the 
oligomerisation domain of 4/MCM is between residues 201-399.
To confirm the interaction domain, the region of MCM between residue 
numbers 201-399 was cloned into the BD fusion vector and used as bait in further two- 
hybrid analyses. Positive interactions were observed with the full length 4/MCM and 
residues 201-699, 1-399 and with itself (Fig. 3.IB). All the observed interactions 
between MVM deletion mutants are shown on Fig. 3.2. As the figure suggests, the 
region responsible for MCM-MCM interactions might be between residues 301-399 
(Fig. 3.2).
The proposed oligomerisation domain for A.fulgidus MCM differs from that 
observed in M.thermoautotrophicum MCM (Kasiviswanathan et a l, 2004) (Fig. 3.3). 
MCM is a member of the AAA+ family of ATPases (Neuwald et al., 1999) and as such 
it contains Walker A and Walker B motifs, responsible for nucleotide binding and 
hydrolysis. In several cases, these motifs have been found at subunit interface (Mourez 
et al., 1997). The suggested A.fulgidus MCM oligomerisation domain includes the full 
Walker A, but not Walker B motif.
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3.1.4 MCM-MCM interacting domain
3.1.4.1 Expression and purification
Attempts to express and purify the suggested oligomerisation region (residues 
301-399) failed due to the insolubility of the expressed protein. Subsequently, larger 
fragments that included the interaction region were checked for protein expression. 
Only a fragment containing residues 1-399 was found to express as a soluble protein. It 
was purified on a HiTrap Chelating HP column, charged with ZnCh, and a 
hydroxylapatite column. The purified 4/MCM fragment migrated as a Coomassie- 
stained protein band of the predicted size (45kDa) in a 15% SDS-polyacrylamide gel. In 
order to assess the oligomeric state of the recombinant 1-399 MCM region, different 
concentrations of the protein were loaded onto a Superdex 200 HR (10/30) gel filtration 
column. A set of globular protein standards was run in the same experimental 
conditions. This set included ferritin (440kDa), aldolase (158kDa), albumin (67kDa) 
and ovalbumin (43 kDa) At a low concentration (0.15pM/monomer), 1-399 4/MCM 
migrated from the column with an apparent molecular weight of 49kDa. The apparent 
molecular weight of the protein is calculated from the equation of the standard 
calibration curve of the column. At higher concentrations (0.6p,M/monomer and 
3nM/monomer), the protein multimerises (Fig. 3.4). The 1-399 4/MCM protein could 
not be concentrated further due to its precipitation. These data suggest that 1-399 
4/MCM protein forms a mixture of different oligomeric forms. The gel filtration 
analysis shows the equilibrium of these oligomeric forms. With increase in protein 
concentration, this equilibrium shifts towards the higher oligomeric state. The apparent 
molecular weight detected by gel filtration analysis is the average of the distribution of 
forms present.
The suspected hexamerisation domain of the protein (fragment 1-399) was not 
suitable for structural studies since it does not form a stable homogenous oligomer.
Ab
so
rp
tio
n 
(2
80
nm
) 
x 
10
oo r- m</"> VO Tf Standards (kDa)
B
150 -
100 -
50 -  
0 -
30 -
20 -
10 -  
0 -
12.7 ml
3 pM/monomer-apparent MW 135kDa
13.7 ml
0.6 pM/monomer- apparent MW 79kDa
8 14.2 ml
6
0.15 pM/monomer-apparent MW 61kD
4
0
105 15 20
Elution volume (ml)
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3.1.4.2 DNA binding characteristics of 1-399 AfMCM protein
Studies performed with MthMCM  demonstrated that the protein binds to DNA 
in the presence of magnesium (Kelman et al, 1999; Chong et al., 2000). A bubble 
substrate (Fig. 3.5) was used to assess the DNA binding ability of the 1-399 AJMCM 
protein. DNA binding ability of the full length AJMCM was used as a control. 1-399 
AJMCM protein binds DNA as a single band as tight as the full-length protein.
In addition, EM studies (carried out by Ian Grainge) of 1-399 AJMCM 
performed in the absence of DNA, showed a mixture of different oligomeric forms. 
However in the presence of double-stranded (but not single-stranded) DNA, the protein 
formed hexameric rings with the DNA appearing to pass through the central channel of 
the ring (Fig. 3.6).
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Fig. 3.5 DNA-binding assay for 1-399 4/MCM with a bubble 
substrate. Full-length 4/MCM was used as a control. 1-399 4/MCM 
protein binds DNA as tight as the full-length protein.
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Fig. 3.6 EM studies of 1-3994/MCM, performed in the presence 
and absence of double-stranded DNA (made by Ian Grainge). 
While 1-3994/MCM aggregates in the absence of DNA, the 
addition of double-stranded (but not single-stranded) DNA 
stabilises the hexamer formation.
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3.2 Protein-protein interactions within the archaeal pre­
replication complex
3.2.1 Introduction
The process of DNA replication initiation in archaea is currently unknown. In 
silico analysis suggests that archaeal DNA replication proteins are more similar to those 
in Eukarya than those found in bacteria. However, the archaeal replication complexes 
contain fewer proteins than the eukaryotic homologues (Kelman et al., 2003a and 
Grabowski and Kelman, 2003). Regarding the ORC proteins and CDC6, the situation is 
again simplified in most archaeal species to the extent that several species encode a 
single gene with homology both to ORC1 and CDC6 proteins (Grabowski and Kelman,
2003). In many other species there are two genes, one with greater homology to the 
yeast Cdc6 gene and the other more like Orel. To date, it has not yet been determined 
whether the archaeal CDC6/ORC homologues function as ORC, CDC6 or both. 
Sequence analysis suggests the existence of at least two subfamilies of these proteins. 
The basis for the division of the subfamilies is a conserved motif that may be a 
recognition helix (Singleton et al., 2004). The three dimensional structure of the 
CDC6/ORC homologues from the archaeons P.aerophylium  (Liu et al., 2000) and 
A.pernix (Singleton et al., 2004) revealed the expected domains found in other members 
of the AAA+ superfamily of ATPases (Neuwald et al, 1999 and Ogura et al., 2001). In 
addition to the ATPase domains (domains I and II), the proteins contain a C-terminal 
winged-helix (WH) domain (domain III). Amino acid substitutions and deletions within 
the WH domain demonstrated that the domain plays an important role in DNA binding 
(Grabowski et al., 2001; De Felice et al., 2004; Capaldi and Berger., 2004; Singleton et 
al., 2004). Homologues of other proteins involved in the pre-RC formation in 
eukaryotes (CDT1, CDC45, MCM 10) have not been identified in Archaea.
The interactions among the archaeal initiation proteins are currently unknown. 
Two-hybrid and Far Western blot analysis has demonstrated the interactions between 
MCM and the two ORC/CDC6 homologues identified in the M.thermoautotrophicus 
genome (MthCDC6-\ and M/zCDC6-2) (Shin et al., 2003a). Although the ORC/CDC6 
homologues are very similar in primary amino acid sequence (Giraldo, 2003) and were
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suggested to have similar structure and domain organisation (Liu et al, 2003; Singleton 
et al., 2004), they appear to employ different regions for MCM binding. While 
MthCDC6-\ binds MCM predominately via the WH domain (Shin et a l, 2003), this 
domain of MthCDC6-2 does not interact with the MCM helicase. Only the full-length 
MthCDC6-2 protein has been shown to bind MCM. This is similar to the observations 
made with a CDC6 homologue from S. solfataricus in which an indirect assay 
suggested that the WH domain of one of the three CDC6 homologues is not required for 
MCM binding (De Felice et a l, 2003). The major contact between MthMCM  and 
MthCDC6 homologues is via the N-terminal portion of MCM (Kasiviswanathan et al,
2004). In contrast, the CDC6 homologues from P.aerophilum (PaCDC6) did not bind to 
MCM (Shin etal., 2003).
3.2.2 Aim of the project
GAL4 based yeast two-hybrid and co-immunoprecipitation analyses 
were used to test the interactions between the known proteins, involved in the pre­
replication complex of A.fulgidus. Two-hybrid system was used for the screening of an 
archaeal genomic library as well.
A.fulgidus contains 2,436 predicted coding sequences and encodes one MCM 
(AF0517) and two ORC/CDC6 proteins (AF0244 and AF0695). Based on the 
nomenclature proposed by Singleton et al., 2004, henceforth the AF0244 will be 
referred as ORC-1 and AF0695 as ORC-2. To date, only limited studies have been 
reported on the protein-protein interactions among the archaeal pre-RC proteins. 
Moreover, no homologues of the eukaryotic MCM 10, CDC45 and CDT1 have been 
found based on sequence similarities. However, it seems likely that orthologues of some 
of these proteins might be present in archaea.
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3.2.3 Two-hybrid investigation of the potential interactions
The full-length proteins were amplified by PCR and subcloned into EcoRI- 
BamHI sites of the activation and binding domain fusion vectors, provided by the 
Clontech Two-Hybrid Kit. The plasmids containing the bait protein sequences were 
transformed into AH 109 (M at a) yeast cells and examined for protein expression, 
toxicity, transcriptional activation and leaky HIS3 expression as described above. The 
bait proteins were not toxic, expressed well and did not activate transcription or cause 
leaky HIS3 expression.
Subsequently, A. fulgidus MCM, ORC-1 and ORC-2 proteins were fused to the 
activation domain and transformed into the opposite mating type yeast strain-Y187 
(MATa).
Protein-protein interactions were assessed by interaction mating as described 
above. Positive interactions were not detected among the full-length MCM, ORC-1 and 
ORC-2 proteins (Fig. 3.7). MCM self-interaction was used as a positive control.
The three dimensional structure of the CDC6/ORC homologues from other 
archaeal species (Liu et al, 2000 and Singleton et al., 2004) showed that these proteins 
have three domains. Domain I and II contain the ATPase motifs and C-terminal WH 
domain III binds DNA. Using these structures as a guide, 4/O RC-l and AjOJLC-2 
domains were identified. For ORC-1, domain I comprises residues 1-209, domain II- 
residues 210-283 and domain III consists of residues 284-409. ORC-2 domain I 
included residues 1-208, domain II-residues 209-286 and domain III-residues 287-376. 
These different domains were also cloned into the activation and binding domain 
vectors used previously, and transformed into AH 109 and Y187 yeast strains.
Mating experiments were performed using the MCM truncation library (as 
described in the previous screen) with different domains of ORC-1 and ORC-2 (Fig. 
3.8). Positive interactions were not observed in this experiment.
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Fig. 3.7 Interaction mating between full-length 4/MCM, 4/0RC-1 and
A)ORC-2 proteins.
O  ON O s O n O ' ON
>*5 O n On On O'- On
^  On O n On On On no no no no no
—  O n  O n  O n  O N  O N  O N  1 1 1 • •
’72 */~> ^  c o  (N  —  On3 i i  i i i  i O O O O O
[ i ,  ^  ^  ^  (N  r<N Tj- NT)
Full-length
Domain I
Domain II
Domain III
Domain I+II
Domain II+III
Full-length
Domain I
Domain II
Domain III
Domain I+II
Domain II+III
Fig. 3.8 Interaction mating between AJMCM truncation library and (A) 4/ORC-l
and (B) AJORC-2 domains.
60
1-
60
Q
Results and Discussion 120
Protein-protein interactions were assessed between different domains of the 
same protein and between the domains of the two distinct ORC proteins. First, A/ORC- 
1 protein and its domains were mated with each other. Positive interactions were 
observed between Domain I and itself, Domain II, Domain I+II and Domain II+III. 
Domain I+II and Domain II+III also interacted (Fig. 3.9A). Next, interaction-mating 
experiments were carried out between the domains of ORC-2 protein. Weak interactions 
were observed between Domain I and itself, Domain II, Domain I+II and Domain II+III 
(Fig. 3.10A). Subsequently, the domains of 4/ORC-l were mated with the domains of 
4/ORC-2 Positive interactions were detected between Domain I of ORC-1 and Domain 
I of ORC-2, Domain II of ORC-1 and Domain II of ORC-2 and between Domain I+II of 
ORC-1 and Domain I+II of ORC-2. These interactions were confirmed when proteins 
were switched from activation to binding domain vectors (Fig. 3.9B and Fig. 3.1 OB).
Table. 3.1 summarises the observed interactions between the ORC homologous 
of A.fulgidus. It looks like Domain I and Domain II play a central role in these 
interactions. They have been found to be interacting partners not only within the same 
protein but between the two ORC proteins as well. However, Domain I and Domain II 
of ORC-1 are very similar to those of ORC-2. In the native protein, Domain I and 
Domain II interact with each other as they form together the ATPase domain (Singleton 
et al., 2004). Therefore it is not surprising that those two domains interact in the yeast 
two-hybrid system.
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Fig. 3.10 (A) Interaction mating between the AfORC-2 truncated mutants, 
(B) Interactions between AfOKC-2 and AfOKC-X truncation libraries, 
4/ORC-2 mutants were used as bait proteins.
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Table.3.1 Matrix representation of the interactions between A/ORC-1 and y4/ORC-2 
truncated mutants. Rows show proteins fused to the Gal4-DNA-BD, columns show proteins 
fused to the Gal4-AD. Interactions found within the domains of the same proteins are 
represented in red, while the interactions observed between the domains of the two ORC 
proteins are embodied in blue. The filled pattern symbolises strong interactions, while the 
textured pattern-the weak ones.
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3.2.4 Co-immunoprecipitation approach
An in vitro co-immunoprecipitation analysis was employed to detect and verify 
interactions between the A.fulgidus proteins and their domains. In vitro translation and 
labelling, in order to monitor interacting proteins in a co-immunoprecipitation assay is 
compatible with the two-hybrid system, and over the years, this approach has been 
established as a common way of confirming two-hybrid data. This allows for 
convenient verification of previously obtained results, without the necessity of 
expressing and purifying recombinant proteins in significant amounts. The proteins 
cloned into the binding domain vector had a c-myc epitope tag, while the proteins 
introduced into the activation domain vector had an HA epitope tag. Both T7 promoter 
and epitope tags were located downstream of the GAL4 coding sequences so that the 
activation domain and binding domain proteins were transcribed without their GAL4 
domains. As a result, the interaction detected in a co-immunoprecipitation assay is 
specific to the activation protein and the bait. Activation domain and binding domain 
vectors carrying the archaeal sequences were transcribed and translated in vitro in rabbit 
reticulocyte lysates supplemented with [ S] methionine (Promega), and were visualized 
via autoradiography. The proteins were then used in co-immunoprecipitation analyses 
(Matchmaker Co-IP Kit, Clontech). Pairs of proteins were incubated together with 
polyclonal HA antibody, followed by incubation with protein A beads. The beads were 
washed extensively to remove non-specifically associated proteins prior the elution of 
the immune complexes. Eluted HA-tagged or c-myc-tagged proteins, together only with 
the co-eluting protein, were separated by SDS-PAGE and proteins detected by 
autoradiography. C-myc-tagged murine p53 and HA-tagged SV40 large T antigen 
protein were used as positive controls; they interact in the co-immunoprecipitation 
assay in vitro and in the yeast two-hybrid screen in vivo (Clontech). These experiments 
did not confirm the results seen with the yeast two-hybrid system (Fig. 3.11, Fig. 3.12 
and Fig. 3.13).
1 2  3 4
Fig. 3.11 Co-affinity precipitation analysis of the AftACM  and (A) 4/ORC-l and 
(B) 4/ORC-2. 4/MCM was detected with c-myc antibody, while 4/ORC-l and 
4/ORC-2 were detected with HA antibodies. Positive interactions were not 
observed using this method (lane 3 and lane 4)
A B
1 2  3 4
Fig. 3.12 Co-affinity precipitation analysis of (A) Domain I and Domain II, 
(B) Domain I and Domain I+II and (C) Domain I and Domain II+III of 
4/ORC-l. Domain I of 4/ORC-l was cloned into pGBKT7-BD and was 
detected with c-myc antibody, while Domain II, Domain I+II and Domain 
II+III of 4/ORC-l were cloned into pGADT7-AD and detected with HA 
antibodies. These experiments did not confirm the results observed with the 
two-hybrid system (lanes 3 and 4).
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Fig. 3.13 Co-affinity precipitation analysis of 4/ORC-l and4/ORC-2 domains.
(A) Domain I, 4/ORC-l and Domain II, 4 /0  RC-2. Domain I of 4/ORC-l was 
cloned into pGBKT7-BD and was detected with c-myc antibody, while Domain 
II of 4/ORC-2 was cloned into pGADT7-AD and detected with HA antibodies
(B) Domain II, 4/ORC-l and Domain I, AJORC-2. Domain I of 4/ORC-2 was 
detected with c-myc antibody, while Domain II, 4/ORC-l with HA antibodies. 
These experiments did not confirm the results observed with the two-hybrid 
system (lanes 3 and 4).
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3.2.5 Yeast two-hybrid screen of A. fulgidus genomic DNA library
4/MCM and the two A/ORC proteins were as baits and transformed separately 
into the AH 109 strain. A.fulgidus genomic library (prepared by N. Cook) was cloned 
into the activation domain vector and transformed in Y187. The library contained at 
least 2.5 x 106 clones.
The pre-transformed genomic library and a bait culture were mated, and the 
diploid yeast mix was plated onto appropriate selection media containing X-a-gal to 
directly assay for a-galactosidase. In the primary screens a total of 1 x 10 colonies were 
screened and 73 putative positive clones for 4/MCM, 124 for 4/ORC-l and 117 for 
4/ORC-2 were observed. All clones were then re-tested for (3-galactosidase activity 
(Materials and Methods, section 2) to eliminate some of the false positives. This 
resulted in 52 positive clones for 4/MCM, 74 for 4/ORC-l and 86 for4/ORC-2. These 
positive clones were re-tested for their nutritional and reporter phenotypes. Sometimes 
library clones can contain more than one AD/library plasmid, but in the process of re­
plating colonies on selective media, these plasmids are lost, while maintaining selective 
pressure on DNA-BD and AD vectors. Two such clones were discarded here; leaving 
72 clones as confirmed positives for 4/ORC/CDC6-1. The DNA inserts of all positive 
clones were amplified by colony PCR using AD vector-specific primers and the 
products were analysed on an agarose gel. Some products were clearly represented more 
than once, but all clones were analysed by DNA sequencing.
The nucleotide sequences obtained from the putative positives were used in 
standard BLAST searches of the nucleotide/protein database at the National Centre for 
Biotechnology Information (NCBI). The identified positive interactors of 4/MCM , 
4/ORC-l and 4/ORC-2 proteins are presented in Table 3.2, 3.3 and 3.4. Three of the 
open reading frames encoded conserved hypothetical proteins: AF0995, AF1019 and 
AF0491. These three clones appeared often and showed positive interactions with all 
three bait proteins. Therefore their interaction needed to be confirmed by re-testing their 
binding specificity in the yeast system.
AF0232 Glutamine ABC transporter, permease 
protein
3
AF0380 Transmembrane ologosaccharyl 
transferase, putative
2
AF0491 Conserved hypothetical protein 11
AF0506 Iron-sulphur binding reductase 5
AF0770 Signal-transducing histidine kinase 2
AF0733 Thiamine monophosphate kinase (thiL) 4
AF0882 Asparaginase 2
AF0995 Conserved hypothetical protein 8
AF1019 Conserved hypothetical protein 9
AF1770 Dipeptide ABC transporter, ATP-binding 
protein
4
AF1968 Transcriptional regulatory protein, Rok 
family
2
Table 3.2 4/MCM-interacting proteins found in yeast two-hybrid screen against 
the genomic library. The three conserved hypothetical proteins used for further 
analysis are indicated in bold.
AF0034 3-ketoacyl-CoA thiolase 2
AF0087 Nitrate ABC transporter, ATP-binding protein 
(nrtC-1)
3
AF0491 Conserved hypothetical protein 9
AF0889 Ribose ABC transporter, permease protein 3
AF0950 Carbon monoxide dehydrogenase, iron sulfur 
subunit
4
AF0995 Conserved hypothetical protein 12
AF1019 Conserved hypothetical protein 13
AF1101 Acetyl-CoA decarbonylase/synthase, subunit 
epsilon
4
AF1222 Proline permease 3
AF1531 Conserved hypothetical protein 2
AF1763 Lipase, putative 2
AF1769 Dipeptide ABC transporter, permease protein 2
AF2129 Aspartate aminotransferase 5
AF2254 ATP-dependent RNA helicase, DEAD-family 4
AF2409 Iron-sulfur cluster binding protein 7
Table 3.3 4/ORC-l -interacting proteins found in yeast two-hybrid screen 
against the genomic library. The three conserved hypothetical proteins used 
for further analysis are indicated in bold.
AF0273 Sarcosine oxidase, subunit alpha 3
AF0491 Conserved hypothetical protein 1 0
AF0506 Iron-sulfur binding reductase 4
AF0745 Dihydroorotase dehydrogenase (pyrD) 2
AF0814 Conserved hypothetical protein 3
AF0995 Conserved hypothetical protein 14
AF1019 Conserved hypothetical protein 16
AF1101 Acetyl-CoA decarbonylase/synthase, 
subunit epsilon
4
AF1252 Oxaloacetate decarboxylase, subunit alpha 3
AF1368 Hydrogenase expression/formation protein 2
AF1490 LSU ribosomal protein LIP 5
AF1769 Dipeptide ABC transporter, permease 
protein
4
AF1813 TBP-interacting protein TIP49 5
AF1829 F420H2: quinone oxidoreductase, putative 3
AF2037 Translation initiation factor eIF-2B, subunit 
delta
3
AF2409 Iron-sulfur cluster binding protein 5
Table 3.4 4/ORC-2-interacting proteins found in yeast two-hybrid screen 
against the genomic library. The three conserved hypothetical proteins used 
for further analysis are indicated in bold.
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Firstly, the three positive clones were mated with unrelated bait proteins (human 
lamin C, murine p53, and yeast elongation factors ELP 1-6) and with an "empty” DNA-BD 
plasmid. The three archaeal proteins interacted with all irrelevant baits (Fig. 3.14A). The 
interaction ability of the full-length positive clones was tested as well (Fig. 3.14B). As a 
result of the pairwise mating, all three clones proved to be false positives since their 
interactions with the archaeal bait proteins of interest were not specific. The three 
conserved hypothetical proteins isolated from the screen interacted with all unrelated bait 
proteins and when their full-length sequences were used in the screen, their interactions 
with the pre-RC proteins were not confirmed.
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Fig. 3.14 Test for interaction specificity of AF0491, AF0995 and AF1019 
conserved hypothetical proteins (A) Mating of the isolated clones with 
unrelated bait proteins, (B) Mating of the full-length hypothetical proteins with 
the 4/MCM, 4/ORC-l, AJORC-2 and irrelevant bait proteins.
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3.3 Conclusions and future work
Archaea are an excellent model system for understanding the enzymology of 
eukaryotic DNA replication. The reduced number of replication proteins in archaeal species 
suggests that Archaea may provide a simplified model for assembly of the machinery 
required for initiation of eukaryotic DNA replication.
When this work started, the crystal structure of archaeal MCM was not available. 
The initial attempt in the lab to crystallise the full length of 4/MCM failed. The preliminary 
experiments done in the lab by Ian Grainge showed that 4/MCM protein forms a single 
hexamer in solution, with ATPase and DNA helicase activity (Grainge et al., 2003). 
Therefore, it was of interest to find the region(s) involved in MCM hexamerisation. 
Knowledge of the minimal hexamerisation region may help in identification of a fragment 
of the MCM protein suitable for structural studies.
One of the methods used for detection of protein-protein interactions is the yeast 
two-hybrid system. Setting up the yeast two-hybrid system in the lab was important not 
only for detecting the minimal hexamerisation sequence of MCM, but also for subsequent 
aspects of the project including testing the protein-protein interactions between the proteins 
involved in pre-RC of Archaea and screening of an archaeal genomic library. Six sequential 
lOOaa deletions from the C-terminus and six sequential deletions of lOOaa from the N- 
terminus of the AjMCM protein were tested. As a result, a region containing Walker A 
motif (residues 301-399) was proposed to be responsible for the MCM hexamerisation. 
This region differs from the one observed in M .th erm o a u to tro p h icu m  MCM 
(Kasiviswanathan et a l, 2004). However it is not surprising that the proposed 
oligomerisation domain is located around the Walker A motif. In several cases, this motif 
has been found at subunit interface (Mourez et al., 1997). Attempts to express and purify 
the suggested oligomerisation region (residues 301-399) failed due to the insolubility of the 
expressed protein. Subsequently, larger fragments that included the interaction region were 
checked for protein expression. Only a fragment containing residues 1-399 was found to 
express as a soluble protein. This fragment was purified and its oligomeric state assessed by 
a Superdex 200 HR (10/30) gel filtration column. The gel filtration analysis showed that 1-
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3994/M CM  protein forms a mixture of different oligomeric forms (not a stable 
homogenous oligomer) and therefore was not suitable for structural studies. However, EM 
studies (carried out by Ian Grainge) of 1-399 4/MCM performed in the presence of double­
stranded DNA showed that the protein forms hexameric rings with the DNA passing 
through the central channel of the ring. Future work in the lab will include crystallisation 
trials of the 1-399 AflACM in the presence of double-stranded DNA.
The AfMCM  truncation library was used also to test the possible interactions with 
ORC and CDC6. Although interactions between these proteins were detected in other 
archaeal species (Shin et al., 2003; De Felice et al., 2003; Kasiviswanathan et al., 2004; 
Kasiviswanathan et al., 2005), they were not identified in A.fulgidus using the two-hybrid 
approach and co-immunoprecipitation analysis. Positive interactions were observed only 
between some domains of ORC-1 and ORC-2. Domain I and Domain II appeared to play a 
central role in these interactions. They have been found to be interacting partners not only 
within the same protein but between the two ORC proteins as well. However, these 
interactions were not confirmed with the co-immunoprecipitation analysis. Future work in 
the lab could involve isothermal titration calorimetry and analytical ultracentrifuge analyses 
for a further characterisation of the protein-protein interactions between these archaeal 
proteins.
In Archaea, no homologues of MCM 10, CDC45 and CDT1 have been found based 
on sequence similarities. However, it seems likely that orthologues of some of these 
proteins might be present in Archaea. Therefore, two-hybrid screening of archaeal genomic 
library was utilised to search for new partners of the archaeal pre-RC proteins. The library 
screening did not produce any significant positive interactors. The reasons for that could be 
many. Not all of the reported protein-protein interactions can be detected in the yeast two- 
hybrid system and are therefore considered as false negatives. False negatives can be cause 
by different characteristics of the yeast two-hybrid system. First, the activation domain and 
binding domain proteins may fail to localise to the yeast nucleus. Second, two proteins may 
be unable to function within the context of a binding domain and activation domain fusion. 
Third, the interaction between two proteins may depend on post-translational modifications
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that are absent in yeast cells. Finally, it has been reported that a number of protein-protein 
interactions can only be detected in the two-hybrid system when either one or the other 
protein is truncated. This suggests that large-scale two-hybrid analyses are useful to obtain 
partial coverage of protein-protein interactions within a proteome of interest. However, in 
order to achieve complete protein interaction network, alternative large-scale approaches 
have to be applied. Several proteomics technologies have been developed and adapted to 
chart protein-protein interactions on a proteome-wide scale. Protein microarrays allow the 
detection of binary protein-protein interactions in vitro. In this method, the proteins are 
covalently attached to a solid support and screened with fluorescently labelled probes. 
Although such protein microarrays are in principal suitable to screen in parallel for 
proteome-wide interactions, the techniques has only been applied to identify domain- 
domain interactions and antibodies and antigens (Espejo et al., 2002). Mass spectrometry 
analysis is another powerful and sensitive technique, which allow the detection of peptides 
from purified protein complexes. Traditional affinity methods using specific antibodies or 
affinity ligands can be combined with mass spectrometry to identify protein complexes 
from cells or tissues (Husi et al., 2000). Obviously these approaches rely on the availability 
of specific antibodies or other capturing ligands. Future work in the lab could involve 
affinity purification of protein complexes coupled to mass spectrometry detection. 
Compared with the yeast two-hybrid, this approach is more physiological, because actual 
molecular assemblies made up by all combinations of direct and cooperative interactions 
are analysed in vivo, rather than re-constituted bimolecular interactions in vitro. Whereas in 
the yeast two-hybrid system both interactors are expressed as fusion proteins, in the 
complex purification approach only one component of the complex is expressed as a fusion 
protein, minimising possible steric interference.
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CHAPTER 4 
BIOCHEMICAL CHARACTERISATION OF 
ORC-1 AND ORC-2 PROTEINS FROM A.pemix
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4.1 Introduction
4.1.1 CDC6/ORC1 homologues in Archaea
The process of initiating DNA replication involves a series of proteins that 
specifically assemble on DNA origins in a precisely determined manner. Formation of the 
pre-replication complex in both bacteria and eukarya is regulated by ATP. Most of the 
proteins known to be required for pre-RC formation include consensus nucleotide binding 
motifs and are members of the AAA+ family of proteins (Neuwald et al., 1999). Consistent 
with ATP regulating these proteins, mutations expected or known to eliminate ATP binding 
or hydrolysis result in inhibition of pre-RC formation (Sekimizu et al., 1987; Perkins and 
Diffley, 1998; Weinreich et al., 1999a; Lee et al., 2000; Lee and Bell, 2000; Klemm and 
Bell, 2001; Chesnokov et al., 2001; Bell and Dutta, 2002).
In bacteria, DnaA protein is the universal initiator of chromosomal DNA replication 
DnaA can exist in a complex with ATP or ADP (Sekimizu et al., 1988a; Bramhill and 
Komberg, 1988; Hwang and Komberg, 1992; Speck and Messer, 2001). DnaA protein 
binds co-operatively to the five DnaA boxes (Rl-5) in the oriC of the chromosome in an 
ATP bound form (Bramhill and Komberg, 1988). It is thought that this binding induces a 
strain on the hydrogen bonding between sister DNA strands, which causes local distortion 
of an AT-rich region, located near the left boundary of oriC to form an open complex in an 
ATP-dependent manner (Sekimizu et al., 1987; Bramhill and Komberg, 1988; Skarstad et 
al., 1990; Hwang and Komberg, 1992). DnaA-ADP complex is inactive in terms of origin 
binding and unwinding (Speck et al., 1999). DnaB, the replicative helicase, is transferred to 
the replication origin by the helicase-loading factor DnaC (Konieczny and Helinski, 1997). 
DnaC is a dual ATP/ADP switch protein (Davey et al., 2002). ATP is not required for 
DnaC to load DnaB onto ssDNA (Davey et al., 2002). However, DnaC-ATP inhibits DnaB 
helicase activity, while the DnaC-ADP does not (Davey et al., 2002). Therefore, ATP 
hydrolysis by DnaC is triggered by DnaB and ssDNA (Davey et al., 2002).
In contrast to replication initiation in bacteria, which starts at a single chromosomal 
origin and is controlled by a single protein DnaA (Kaguni, 1997; Speck et al., 1997; Weigel
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et al., 1997; Messer et al., 2001), replication initiation in eukaryotes starts at multiple 
origins and is controlled by a six subunit ORC complex (Rowley et al., 1995; Bielinsky et 
al., 2001; DePamphilis, 2003). ORC is believed to serve as a platform on which the pre­
replication complex (pre-RC) is assembled (Komberg and Baker, 1992). Although few 
ORC subunits share certain structural features with DnaA, most notably a series of ATP- 
binding motifs, extensive homology does not exist between the two initiators. As a result, it 
has not been clear to what extent the mechanisms of replication initiation in eukaryotes are 
related to those of bacteria. ATP binding and hydrolysis are important for ORC function. 
ATP binding but not hydrolysis by ORC is required for DNA binding (Bell and Stillman, 
1992; Klemm et al, 1997; Austin et al, 1999; Chesnokov et al, 2001). Double-stranded 
origin DNA inhibits ATP hydrolysis by ORC, while ssDNA stimulates ATP hydrolysis in a 
length-dependent manner (Lee et a l , 2000). These findings suggest that, once bound to the 
origin, ORC is retained in an ATP-bound state and that DNA unwinding at the origin 
stimulates ATP hydrolysis by ORC. Targeting of ORC to specific chromosomal locations 
could be accomplished through its interactions with another pre-RC component CDC6. 
CDC6 modulates ORC binding by increasing the stability of ORC on chromatin (Harvey 
and Newport, 2003) and inhibits ORC binding to non-specific DNA (Mizushima et al, 
2000). It is suggested that the ATP-bound conformation of ORC is needed for interaction 
with CDC6 (Klemm and Bell, 2001). The ATP-bound form of CDC6 is required for its 
association with ORC (Perkins and Diffley, 1.998), enhancing the specificity and affinity of 
ORC for origins (Mizushima et a l, 2000). Once localised at replication origins, CDC6 
helps to recruit and load MCM2-7 helicase onto DNA in an ATP-dependent manner 
(Coleman et al., 1996; Romanowksi et a l , 1996; Donovan et a l, 1997; Tanaka et a l , 1997, 
Perkins and Diffley, 1998; Weinreich et a l , 1999). CDC6 protein shows significant 
similarity to the clamp loaders of DNA polymerases (Perkins and Diffley, 1998), which 
assemble a ring-shaped sliding clamp that associates with the replicative polymerase on 
primed DNA and serves as its processivity factor (Jeruzalmi et al., 2004). The similarities 
between CDC6 and the clamp loaders of DNA polymerase, together with the genetic and in 
vivo observations, suggest that CDC6 may act as a loading factor for MCM (Perkins and 
Diffley, 1998; Weinreich et a l, 1999). Following MCM loading and the initiation of S
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phase, CDC6 is phosphorylated by CDKs, transported to the cytoplasm, and eventually 
degraded in an ubiquitin-dependent manner (Saha et al., 1998).
In archaea, DNA replication proteins resemble those of eukarya but assume 
somewhat simpler forms. Within the repertoire of archaeal homologues of eukaryotic 
replication proteins, the most likely candidates for initiator proteins that mediate origin 
recognition are the archaeal ORC/CDC6 homologues (Edgell and Doolittle, 1997; Baker 
and Bell, 1998; Leipe et al., 1999). Most archaeal species that have been sequenced contain 
at least one such homologue (Myllykallio and Forterre, 2000). The archaeal ORC/CDC6 
proteins are related to both the eukaryotic ORC1 subunit of the origin recognition complex 
and CDC6. This observation raises the question as to whether the archaeal ORC/CDC6 
may play a dual role in both origin recognition and MCM recruitment. As a result, different 
research labs adopted different nomenclatures for the names of the archaeal homologues. 
Insight into the mechanism of ORC/CDC6 function has come from the determination of the 
crystal structure of ORC/CDC6 from the crenarchaeons P.aerophilum and A.pernix (Liu et 
al., 2000; Singleton et al., 2004). The three dimensional structure of the archaeal 
ORC/CDC6 homologue revealed the expected conserved domains found in other members 
of the AAA+ superfamily of ATPases (Ogura and Wilkinson, 2001). Together with the 
nucleotide binding domains, the structure disclosed the presence of a winged helix-tum- 
helix (WH) domain that has been proposed to interact with DNA (Liu et al., 2000; 
Singleton et al., 2004; Robinson et al., 2004). It has been proposed that interaction between 
WH proteins and their DNA targets is via the most positively charged surfaces that interact 
with the phosphodiester backbone (Gajiwala et al., 2000). Based on that and the sequence 
comparison of ORC/CDC6 homologues of variety of archaeal species, two classes of WH 
proteins were defined (Fig. 4.1) (Singleton et al., 2004). Class I proteins have a conserved 
positively charged recognition helix, while in class II proteins the number of positively 
charged residues is greater in the wing region.
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Fig. 4.1 Sequence alignment of archaeal 0RC/Cdc6 proteins showing the 
division between class I and class II proteins (Singleton et al., 2004). The 
secondary structure of the winged helix region is shown at the top (helix as 
open rectangle, beta-strands as arrows). Conserved identical residues are 
highlighted in green and those conserved in the majority of proteins are shown 
in yellow. Archaeal species: Ape, Aeropyrum pernix; Ss, Sulfolobus 
solfataricus; Pf, Pyrococcus furiosus; Pae, Pyrobaculum aerophilum; A f  
Archaeoglobus fulgidus; Mth, Methanobacterium thermoautotrophicum.
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4.1.2 Aim of the project
Pair-wise global sequence alignments the Ape ORC proteins revealed that they share 
about 33% similarity with the S.cerevisiae CDC6 factor and 20% similarity with the ORC1 
subunit of the origin recognition complex (Neuwald et a l, 1999). These observations raise 
the question as to whether the archaeal ORC/CDC6 may play a dual role in both origin 
recognition and MCM recruitment. To address this question, recombinant ORC/CDC6 
homologues from A.pernix were expressed and purified and their affinity for single­
stranded and double-stranded DNA examined. ATP regulates formation of the pre­
replication complex in both, bacteria and eukarya. Therefore, the ATPase activities of both 
A.pernix ORC/CDC6 homologues were assessed.
4.2 Sequence homology and analysis
The analysis of the A.pernix genome sequence revealed the presence of two ORFs 
coding for putative homologues of the eukaryotic ORC1/CDC6 proteins (Kawarabayasi et 
al., 1999). Henceforth, the APEQX52 will be referred as ApeQKC-X and APEQA15 as 
ApeORC-2 (Singleton et al., 2004). The Walker A and Walker B motifs, typically found in 
the AAA+ proteins, are present in Ape ORC-1 and Ape ORC-2 (Neuwald et al., 1999) 
(Fig.4.2).
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-----------------MKVLRHGLFKDRRVFDENYIPPELRVRRGEAEALARIYLNRLLSGAGLSDV
ApeORC-1
ApeORC-2
ApeORC-1
ApeORC-2
ApeORC-1
ApeORC-2
ApeORC-1
ApeORC-2
WALKER A motif signature
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PSRDGVNRIGFLLVASDVRALSYMREKIPQVESQIG-FKLHLPAYKSRELYTILEQRAEL
GxxGxGKT
AFNPGVLDPDWPLCAALAAREHG----- DARRALDLLRVAGEIAE RRR
GLRDTVWEPRHLELISDVYGE DKGGDGSARRAIVALKMACEM---------
Fig. 4.2 Sequence alignment of A.pernix ORC-1 and ORC-2 proteins showing the 
location of Walker A (in pink) and Walker B (in blue) motifs (Walker et al., 1982).
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4.3 A.pem ix ORC-1 protein
4.3.1 Identification and purification
Ape ORC-1 was overproduced in E.coli as a soluble protein and was purified using a 
procedure that included a thermal treatment of the cell extracts and chromatographic steps 
on Cibacron Blue Sepharose and HiTrap Heparin column, as described in Chapter 2. In 
order to investigate whether or not Ape ORC-1 has a modular organisation of its biological 
functions, deletion forms of the ORC-1 protein were produced and their biochemical 
properties investigated. A deletion mutant, containing only the N-terminal Domain I+II 
(residues 1-291) was expressed in E.coli and purified on Cibacron Blue Sepharose and a 
Low substitution phenyl sepharose column (see Chapter 2). A deletion mutant, containing 
only Domain III (residues 292-399) bearing the winged-helix motif was also made. Domain 
III was produced as a soluble histidine-tagged protein and was purified on a HiTrap 
Chelating column charged with Ni2+ and a HiTrap Heparin column (Chapter 2).
To assess the oligomeric state of Ape ORC-1 protein and its deletion mutants, gel 
filtration experiments were carried out using a Superdex S75 (16/60) column. Molecular 
masses of 45kDa, 33kDa and 12kDa, were calculated for the recombinant full-length ORC- 
1, DI+II and Dili, respectively (Fig. 4.3). Therefore, initially, it was concluded that 
Ape ORC-1 is a monomer in solution. However, more recent analytical ultracentrifugation 
experiments suggested that the full-length ORC-1 protein can form dimers at high 
concentrations (M.Gaudier and S.Westcott, unpublished data). The dimerisation interface is 
believed to be within Domain I+II since Domain III alone did not dimerise (M.Gaudier and 
S.Westcott, unpublished data). Dimerisation of archaeal ORC/CDC6 homologue was also 
observed by differential scanning calorimetry experiments with M.thermoautotrophicum 
ORC-2 (Shin et al., 2003a ). In vivo and in vitro studies of the eukaryotic CDC6 homologue 
from S.cerevisiae have also suggested oligomerisation (Saha et al., 1998; Herbig et al., 
1999).
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Fig. 4.3 Gel filtration analysis of Ape ORC-1 protein. (A) Elution profile of the purified 
proteins from Superdex S75 (16/60) gel filtration column. The arrows indicate the position 
of the protein markers used to calibrate the column (Aldolase, Ovalbumin and RNaseA). 
(B) Coomassie blue-stained SDS-PAGE of the full-length, Domain I+II and Domain III 
proteins after GF purification procedure.
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4.3.2 ApeORC-1 binding to non-specific ss and ds DNA substrates
To better understand the physical basis of the initiation of DNA replication in 
A.pernix, it is important to first clearly define and characterise molecular interactions that 
occur at the replication origins. Such studies have only recently become possible through 
the identification of replication proteins and origins from a variety of archaeal genomes 
(Lopez et al., 1999; Myllykallio et al., 2000; Ng et al., 2000; She et al., 2001; Zhang and 
Zhang, 2003; Robinson et al., 2004). Initially, the origin(s) of replication in A.pernix was 
not known, therefore to test the DNA binding properties of the protein, non-specific DNA 
substrates of different shape were used. To determine whether the purified Ape ORC-1 
protein and its deletion mutants could bind non-specific single-stranded or double-stranded 
DNA, electrophoretic mobility band shift assays were carried out using a variety of protein 
concentrations (indicated in the figures) and 2nM y- P-labelled synthetic oligonucleotides 
in single- and double-stranded forms as described in Chapter 2. The assays were performed 
both at 37°C and 75°C. The binding affinity of the protein was the same at both 
temperatures. There were no detectable differences in the DNA binding patterns in the 
presence or absence of ATP as well. These results contradict one observation for the DNA 
binding properties of S.solfataricus ORC/CDC6 homologue (<S$ORC-2), where ATP 
inhibited the double-stranded DNA binding activity of the protein (De Felice et al., 2004). 
Binding to single-stranded DNA of the iSsORC-2 was not affected by the presence of ATP. 
A second opinion for the binding properties of the same protein revealed that ATP, ADP 
and the non-hydrolysable ATP analogue AMP-PNP, did not stimulate significantly the 
DNA binding by ORC-1 (Robinson et al., 2004). On the other hand, these observations are 
in contrast to the ones detected for the S.cerevisiae ORC DNA binding properties (Lee et 
al., 2000). S.cerevisiae ORC complex was found to bind ssDNA in an ATP dependent 
manner. Although ATP is not required for the ScORC to bind ds or ssDNA, the presence of 
ATP increases the affinity of the protein for ds origin DNA, but weakens the affinity for 
ssDNA (Lee et al., 2000).
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4.3.2.1 Full-length ORC-1
As shown in Fig. 4.5 and Fig. 4.6, full-length A.pernix ORC-1 was able to bind ss 
and dsDNA of different forms, expressing a preference for longer T bubbles. The DNA 
substrates used for the binding assays are shown on Fig. 4.4. To quantitatively analyse the 
data for these interactions, the binding curves were fitted to an independent binding site 
equation (Chapter 2). This equation describes the association of a protein with a ligand at 
equilibrium when each binding event is entirely independent and in such cases can be used 
to derive the dissociation constant for the interaction. Recent work on the DNA binding 
activity of M.thermoautotrophicum ORC homologues show that both proteins bind longer 
DNA substrates in a cooperative manner (Capaldi and Berger, 2004). Indeed, when binding 
data were fitted to the Hill equation, sigmoidal binding curves were observed, which 
suggest cooperative binding (Fig. 4.5 and Fig. 4.6). Binding curves were repeated in 
triplicate and the plots show the average and standard deviations from the three data sets. In 
the Hill analysis, the Hill coefficient is an index of the degree of cooperativity, and for a 
positively cooperative system has a value greater than unity with a maximum equal to the 
number of sites per oligomeric protein molecule. When the binding data were fitted to the 
Hill equation (Chapter 2), Hill coefficients were >1, consistent with a positively 
cooperative binding mechanism between the full-length Ape ORC-1 protein and the DNA 
substrates (Table 4.1).
AB
25 b 
25 bp
F T -(8 b )
18bp 18bp
25 bp
20 b G T- (15b)
18bp
25 bp
D
20 b
25 bp
20 b
H T-(30b)
18bp 18bp
20 b
Fig. 4.4 Diagrammatic representation of the nucleotide-based substrates used 
in Chapter 4 and Chapter 5 (sequences of the oligonucleotides can be found 
in Materials and Methods). (A) Single-stranded DNA; (B) Blunt duplex; (C) 
3’-tailed duplex; (D) 5’-tailed duplex; (E) Flayed duplex; (F) T(8) bubble 
substrate; (G) T(15) bubble substrate; (H) T(30) bubble substrate.
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Single-stranded DNA 1154*12.44 1.4±0.2
Blunt duplex 1331±16.50 1.3±0.2
3 tailed duplex 1085±13.70 1.3±0.2
5 ’-tailed duplex 945± 19.07 1.5±0.2
Flayed duplex 900± 11.28 1.2±0.2
T(8) bubble 867± 12.05 1.9±0.2
T(15) bubble 771±18.44 1.9±0.1
T(30) bubble 617±39.90 2.0±0.2
Table 4.1 Binding constants of Ape ORC-1. The dissociation constant is 
in the middle, and the value of the Hill coefficient N is on the right.
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4.3.2.2 Domain l+II and Domain III
It has been previously shown that ORC proteins comprise three domains (Liu et al., 
2000; Singleton et al., 2004). Domains I and II contain the ATP-binding site, while domain 
III binds to DNA (De Felice et al., 2003; Singleton et al., 2004). As expected, Domain I+II 
oiApeOKCA  did not bind single-stranded or double-stranded DNA (Fig. 4.7). As observed 
for ORC homologues from A.fulgidus (Grainge et al., 2003) and for all three homologues in 
S.solfataricus (De Felice et al., 2003; Robinson et al., 2004), Domain III was able to form a 
stable complex with DNA, albeit with lower affinity than that of the full-length protein. 
This observation is consistent with the proposal that Domain III is the DNA-binding site on 
the basis of the structural similarity between this region of ORC-1 and other known DNA- 
binding proteins that contain the WH motif. As Fig. 4.8 shows there was no cooperativity 
of binding when only Domain III is used. This probably explains the reduction in overall 
affinity of the isolated domain for the DNA targets compared to the full-length protein.
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4.3.3 ApeORC-1 binding to origin DNA
Consensus sequences, referred to as origin recognition boxes (ORB), were 
identified in a number of archaeal species (Myllykallio et al., 2000; Robinson et al., 2004; 
Capaldi and Berger, 2004). Such boxes were originally found in S.solfataricus replication 
origins (Robinson et al., 2004). These sites can be in similar orientations but frequently one 
or more of these is reversed relative to the others. On the basis of these ORB consensus 
sequences, the location of a replication origin in A.pernix was predicted (Robinson et al., 
2004). Although archaeal replication origins are frequently closely associated with ORC 
genes, the predicted A.pernix origin is not close to an ORC gene (Lundgren et al., 2004).
In order to investigate whether the proposed site might indeed be a replication 
origin in A.pernix, the DNA binding properties of ORC-1 in this region were analysed. 
ORC-1 binds to a series of four repeats at the proposed origin hereafter referred to as Or/7. 
Each of the repeats contains an ORB sequence, with three sites in a similar orientation, but 
the forth being inverted relative to the others. An AT-rich sequence is situated at the centre 
of Oril between the ORB2 and ORB3 boxes (Fig. 4.9) (I. Grainge). It has been shown that 
DnaA binds repeating elements within the replication origin cooperatively as a monomer 
and oligomerises upon binding (Doran et al., 1999; Messer et al., 2001; Majka et al., 2001). 
Therefore, it is possible that Ape ORC-1 binds to multiple sites of the replication origin in a 
manner similar to DnaA. The basis for this cooperativity of binding between and within the 
repeat sequences of Oril from A.pernix was investigated.
Initially, the DNA binding affinity of ORC-1 protein to each of the 26 base pairs- 
long ORB boxes was analysed on 4% SDS-PAGE gels (Fig. 4.10). Binding to each of the 
four single boxes show hyperbolic binding properties and fit well to the Hill equation 
(Chapter 2). ORB sequences are poor palindromes and it is unlikely that ORC proteins bind 
to different sequences with the same affinity. Indeed, ORC-1 protein binds more tightly to 
ORB1 and ORB4, which have the same sequence, than to ORB2 and ORB3 that are 
different.
ORB 1 ORB 2 AT- ORB 3
rich
ORB 1
GCTCCACAGGAAACGGAGGGGTCCTT
ORB 2
T GAT GCT CC AG AGG A ACCT GGGGGGT 
ORB 3
AG AGG AT CC AGCGG A A A AC AGGGGGT 
ORB 4
GCCGTCTCCACAGGAAACGGAGGGGT
ORB 4
Fig. 4.9 A.pernix Oril structure and origin recognition box sequences.
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Fig. 4.10 Ape ORC-1 binding to single origin recognition boxes. (A) ORB1; 
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It is likely that an Ape ORC-1 monomer can bind to half of the single box. To test 
this possibility, ORB1 was divided into two halves, each half containing 13bp. The binding 
affinity of the Ape ORC-1 protein to each of the ORB1 halves was examined on 4% SDS- 
PAGE gels (Fig. 4.11). Indeed, Ape ORC-1 binds with a similar affinity to each half of 
ORB1.
The binding properties of Ape ORC-1 with origin DNA containing two, three or all 
four ORB boxes were tested on 8% SDS-PAGE gels (Fig. 4.12, Fig. 4.13). As Fig. 4.14 
shows, Ape ORC-1 binds with a higher affinity to origin DNA containing ORB1 and ORB4, 
than to origin DNA containing ORB2 and ORB3. Interestingly, the binding curves for these 
substrates, when fitted to the single binding site model shows a higher affinity than would 
be expected if the proteins were binding the sites independently. Indeed, the affinity of the 
ApeORCA protein for the full origin and origin DNA containing two or three of the ORB 
boxes, is greater than that observed for the single site. These findings indicate that the 
association of Ape ORC-1 with the full origin or origin DNA containing two or three ORB 
elements, is more complex when compared to the single site. To examine this observation 
further, the data were fitted to both the Hill equation and an independent binding site 
model.). The dissociation constants for these interactions are shown on Table 4.2. The Hill 
coefficients from the fits suggest that the interaction is positively cooperative (n>l). When 
longer DNA substrates were used in the assays, the Hill coefficient is higher than 2, 
suggesting a formation of higher complexes due to the oligomerisation of the protein before 
or after association to DNA (Table 4.2).
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modified origin sequences.
ORB 1 1009.0±21.9 1.5±0.1
ORB 2 1329±16.8 1.5±0.1
ORB 3 1382±22.6 1.3±0.1
ORB 4 1032±33.4 1.4±0.1
ORB 1+2 630±17.4 1.9±0.1
ORB 2+3 822±25.2 1.7±0.1
ORB 3+4 514±36.6 1.8±0.1
ORB 1+2+3 493±34.1 2.2±0.2
ORB 2+3+4 488±27.3 2.9±0.2
ORB 1+2+3+4 271±16.2 3.5±0.1
Table 4.2 Binding of Ape ORC-1 to origin or replication fitted into Hills equation. It 
appeared as cooperativity of binding of ApeORC-X increases with longer substrates 
with more ORBs.
t
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4.4.4 ATPase activity ofApeORC-1
As a member of the AAA+ family of ATPases, Ape ORC-1 was expected to possess 
an ATPase activity. However, the recombinant protein, purified from E.coli was found to 
be deficient of such activity. The crystal structure of A.pernix ORC-2 showed the presence 
of an ADP molecule bound to the protein, despite the absence of ADP during crystallisation 
(Singleton et al., 2004). A similar result was obtained with ORC/CDC6 homologue from 
P.aerophilum, which presumably indicates that these proteins form a very tight complex 
with ADP (Liu et al., 2000; Grabowski and Kelman, 2001). In order to investigate the 
ATPase activity of the yfpeORC-1, an apo (nucleotide-free) form of the protein was 
prepared. The purified recombinant protein was denatured by dialysis against guanidinium 
chloride containing activated charcoal, and renatured as described in Chapter 2. The 
ATPase activity of the apo protein was tested. The reaction mixture was incubated at 75°C. 
To determine the role of thermally induced autohydrolysis of ATP, a reaction mixture 
without the protein was used as a control. The release of [y- P] orthophosphate was 
measured by a thin layer chromatography (TLC), as described in Chapter 2. 6pM of ATP 
and 3pM of protein were used per reaction. As Fig. 4.15 shows, single turnover of ATP 
hydrolysis was observed. The slow ATP hydrolysis may be due to the formation of protein 
complexes.
The ATPase activity of Domain I+II was also examined. The apo protein was 
prepared as above and as described in Chapter 2. The Domain I+II protein was found to 
retain the same ATPase activity as the wild type. (Fig.4.16)
Next, the effect of ss or ds non-specific DNA on the ATPase activity of ApeOKC-X 
was examined. As Fig. 4.17 shows, the presence of 9p,M of single-stranded DNA (25b 
oligonucleotide) did not affect the ATPase activity of the protein, while the presence of 
9p,M of double-stranded DNA of the same length inhibited the ATPase activity of the 
protein. This inhibition was even greater when ds origin DNA was used (26bp long ORB1 
box). The presence of single-stranded origin DNA of the same size did not have any effect 
on the ATPase activity of the protein (Fig.4.18).
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These results suggest similarity between the Ape ORC-1 and the eukaryotic ORC 
activity, where double-stranded origin DNA also inhibited the ATPase activity of the 
protein (Lee et al., 2000). However, ssDNA did not affect the ATPase activity of the 
archaeal protein, but was found to stimulate the ATPase activity of the eukaryal ORC 
complex in a length-dependent manner (Lee et al., 2000).
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Fig. 4.15 ATPase activity of ApeOKC-X protein. Reactions were performed in 
the presence of 6p,M of ATP and 3pM of protein. The Ape ORC-1 protein 
undergoes a single turnover of ATP. Reactions without the protein were used as 
controls to delimit the role of thermally induced autohydrolysis of ATP, which 
was then substracted from the rate in the presence of enzyme. The points on the 
graph are the averaged values from three independent ATPase experiments with 
the standard deviation indicated by the error bars.
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Fig. 4.16 Comparison between the ATPase activity of the full-length ORC-1 and 
Domain I+II of ORC-1. The assays were performed at 75°C for 8 hours. Time 
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Double-stranded ORB1
No protein With ORC-1
O ' CM CO tJ- 1 0 vo r -  oo o  ^
Vh 12
C/3b C/3Uh C/3b 12 12
3 3 3 3 3 3 3
O O O O O O OG JG G G -C j C G
CM CO i n VO oo
* V I*
U lllllll
Single-stranded ORB1
m  *  »  f  f
In !i l l l i III i l u l l
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DNA (top) and single-stranded origin DNA (bottom). Reaction mixtures, containing 
6^M  ATP, 3^M protein and 9p-M DNA, were incubated at 75°C for 8 hours. 
Reactions without protein were used as a control and subtracted from rates with 
protein.
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Fig. 4.18 Regulation of the ATPase activity by Ape ORC-1. The 
presence of a double-stranded origin DNA completely abolished the 
ATPase activity of the protein, while the presence of single-stranded 
DNA did not have any effect.
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4.4.5 Arginine mutant
Sequence alignment of the archaeal ORC-1 homologues and the ORC4 proteins 
from S.cerevisiae and humans suggested the presence of a conserved arginine residue 
(R198). Mutations of this arginine residue in S.cerevisiae ORC4 eliminated ATP 
hydrolysis, did not support cell viability and showed defects in pre-RC formation (Bowers 
et al., 2004). Interestingly, this arginine residue was found only in Ape ORC-1, but not in 
Ape ORC-2 (Fig. 4.19). To examine the role of this residue in Ape ORC-1, the arginine 198 
was mutated to alanine (R198A) using a Quick Change Site-directed mutagenesis Kit 
(Chapter 2). The mutant protein was overexpressed in E.coli and purified using the same 
purification steps as for the wild-type ApeORC-\. Like with the wild type ApeOKC-X, gel 
filtration analysis of the R198A mutant showed formation of a monomer in solution, while 
analytical ultracentrifuge experiments (S. Westcott and M.Gaudier, unpublished data) 
showed formation of dimers at high concentrations.
The R198 residue is not located within the winged-helix domain, therefore it is 
expected that the mutant protein would bind and footprint DNA as well as the wild type. 
Fig. 4.20 shows a DNasel footprinting assay for the R198A and the wild type Ape ORC-1. 
This experiment provided evidence for the correct folding of the mutant protein.
Next, the R198A mutant was examined for ATPase activity by TLC. The mutant 
apo protein was obtained in exactly the same way as the wild type. As previously shown for 
the arginine mutant of S.cerevisiae ORC4 (Bowers et al., 2004), the R198A mutant of 
Ape ORC-1 was impaired in ATP hydrolysis activity (Fig. 4.21). In S.cerevisiae, ATP 
crosslinking to the ORC4 subunit was found to be dependent on origin DNA and ATP 
binding by ORC1 (Klemm et al., 1997), suggesting that ORC1 and ORC4 interact with the 
same ATP molecule. Structural analysis of other protein complexes containing multiple 
AAA+ proteins has demonstrated that ATP hydrolysis by one subunit is often triggered by 
an essential arginine residue in an adjacent subunit (Ogura et al., 2004). These reactions are 
thought to couple conformational changes to ATP hydrolysis.
SsORC-1 ---------EV---------------- NKSKISFIGITNDVKFVDLLDP(VKS SLSEE— EIIFPPYNAEEL 45
AfORC-1 ---------EL---------------- ENSSICIVGISNNLKFKEYLDA|lLSSLSEE— EIVFPPYNAEQL 45
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SC0RC4 LYNLFDMVEH-----------SRVPVCIFGCTTKLNILEYLEK|VKSRFSQR— VIYMP— QIQNL 51
SsORC-3 LYQLLRS-----------------DANISVIMISNDINVRDYMEPjVLSSLGP------SVIFKPYDAEQL 48
SsORC-2 IYFLVRLYDEISA— IIKRISYIFIVNESHSIYKLDRSIRDHIARR— LIEFPPYKSMEL 56
ApeORC-2 LYTLLRVHEEIPSRDGVNRIGFLLVASDVRALSYMREKIPQVESQIGFKLHLPAYKSREL 60
MthORC-2 LYDILRAHEVF---------EGVRTGVFAVLSDIEFRYALDKNVDSIFIPQ— EIVFPPYTREEV 54
Fig. 4.19 Sequence alignment of archaeal ORC-1 and ORC-2 and eukaryotic 
ORC4 proteins. A conserved arginine residue (in red), which eliminates the ATP 
hydrolysis in S.cerevisiae ORC4 (Bowers et al., 2004), was found within the 
archaeal ORC-1, but not ORC-2. Archaeal species: Ape, Aeropyrum pernix; Ss, 
Solfolobus solfataricus; P f  Pyrococcus furiosus; Af, Archaeoglobus fulgidus’, 
Mth, Methanobacterium thermoautotrophicum. Eukaryotic species: Hs, Homo 
sapiens; Sc, Saccharomyces cervisiae.
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Fig. 4.20 DNase I footprinting reaction ofApeORC-l and the R198A mutant 
on the Oril region. Each strand of the DNA was labelled separately and the 
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or mutant protein were used per reaction.
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Fig. 4.21 ATPase assay for R198A mutant of Ape ORC-1. Reactions were 
performed in a presence of 3pM protein and 6pM ATP. No ATPase 
activity was detected for the mutant protein.
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4.5 Ape ORC-2 protein
4.5.1 Identification and purification
Ape ORC-2 protein was overproduced in E.coli as a soluble protein and was purified 
using a procedure that included a thermal treatment of the cell extracts and 
chromatographic steps on blue and heparin columns, as described in Chapter 2. According 
to its crystal structure (Singleton et al., 2004), the protein consists of three structural 
domains. Domain I comprises residues 23-213, domain II is in two parts (residues 1-22 and 
residues 214-299), and domain III consists of residues 300-409. Deletion mutants 
consisting Domain I +11 and Domain III were expressed in E.coli and purified, using the 
same chromatographic steps as for the deletion mutants of ApeQRCA described above.
To assess the oligomeric state of Ape ORC-2 protein and its deletion mutants, gel 
filtration analyses were carried out using a S75 (16/60) gel filtration column. Molecular 
masses of 46kDa, 30kDa and 16kDa, were calculated for the recombinant full-length, 
Domain I+II and Domain III, respectively. Therefore, it was concluded that ApeOKC-2 is a 
monomer in solution (Fig. 4.22). Unlike the Ape ORC-1, analytical ultracentrifugation 
experiments confirmed the monomeric state of the protein (M.Gaudier and S. Westcott, 
unpublished data).
Sequence alignment of the archaeal ORC-2 proteins and the ORC-4 proteins from 
S.cerevisiae and humans (Fig. 4.19) show that the conserved arginine residue found in 
Ape ORC-1 is not present in the archaeal ORC-2 proteins.
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Fig.4.22 Gel filtration analysis of Ape ORC-2 protein. (A) Elution profile of the purified 
proteins from a Superdex S75 (16/60) gel filtration column. The arrows indicate the 
position of the protein markers used to calibrate the column (Aldolase, Ovalbumin and 
RNaseA). (B) Coomassie blue-stained SDS-PAGE of the full-length, Domain I+II and 
Domain III proteins after the GF purification procedure.
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4.5.2. ApeORC-2 binding to non-specific ss and ds DNA substrates
The ability of Ape ORC-2 protein to bind DNA in a structure-dependent manner was 
assayed using a standard electrophoretic mobility shift assay on a variety of synthetic 
oligonucleotide substrates, containing bubble substrates, 3'- and/or 5'-tailed duplexes, blunt 
double-stranded DNA molecules and single-stranded DNA oligonucleotides (Fig. 4.4). The 
experiments were performed at 37°C or at 75°C, in the presence or absence of ATP. It was 
concluded that, similar to the Ape ORC-1 protein, the binding affinity of Ape ORC-2 was 
similar at both temperatures and was not affected by the presence of ATP (Ian Grainge).
4.5.2.1 Full-lenzth ApeORC-2 protein
As shown in Fig. 4.23 and Fig. 4.24, Ape  ORC-2 binds preferentially to ssDNA 
molecules or dsDNA molecules that contain a bubble or a tail substrate, similar to 
Ape ORC-1 protein. This is in contrast to the observations for the S.solfataricus ORC-2 
protein (De Felice et al., 2004) where ssDNA oligonucleotides were found to be bound 
with a noticeably lower affinity. The binding data from these experiments were fitted to an 
independent binding site and Hill equations (Chapter 2). The calculated dissociation 
constants for each DNA substrate are shown on Table 4.3. Like Ape ORC-1, Ape ORC-2 
also binds to the different DNA substrates in a cooperative manner.
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Fig. 4.23 Binding assays of ApeORC-2 to different non-origin DNA substrates. (A) 
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Fig. 4.24 Binding assays of Ape ORC-2 to different bubble-shaped DNA substrates 
fitted to the Hill equation. (A) T8 bubble; (B) T15 bubble; (C) T30 bubble. The 
inset of the graph represents the binding affinity of ApeORC-1 at concentrations 
up to 120nM.
Single-stranded DNA 1651 ±22.1 1.2±0.2
Blunt duplex 2089±31.7 1.2±0.2
3 ’-tailed duplex 1322±23.2 1.2±0.1
5 ’-tailed duplex 1239±23.0 1.4±0.1
Flayed duplex 1160±24.3 1.5±0.1
T(8) bubble 1023±22.0 2.1 ±0.2
T(15) bubble 989±18.4 2.1 ±0.1
T(30) bubble 864±24.3 2.2±0.2
Table 4.3 Binding constants of Ape ORC-2. The dissociation constant is 
in the middle, and the value of the Hill coefficient N is on the right..
Results and Discussion 180
4.5.2.2 Domain I+II
As observed for the Domain I+II of the Ape ORC-1 protein, Domain I+II from 
ApeOKC-2 did not bind ss or ds DNA (Ian Grainge, unpublished data). The winged helix 
containing domain III of Ape ORC-2 alone was able to bind the different DNA substrates 
with a lower affinity (Ian Grainge, unpublished data)
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4.5.3 ATPase activity of Ape ORC-2 protein
Like the Ape ORC-1 protein, the Ape ORC-2 protein is a member of the AAA+ 
family of ATPases. The protein was purified from E.coli in an ADP-bound form. To assess 
the ATPase activity of the protein, an apo form was made as described for the Ape ORC-1 
protein. The ATPase reactions were performed at 75°C, a reaction without a protein was 
used as a control. The release of [y- P] orthophosphate was measured by thin layer 
chromatography (TLC), as described in Chapter 2. 6pM of ATP and 3p,M of ApeORC-2 
protein were used per reaction. The ATPase activity of the protein was measured every 30 
seconds (Fig. 4.25). Like for the vlpeORC-1, the ApeORC-2 was found to undergo a single 
turnover of ATP hydrolysis and then suffered from extreme product inhibition due to the 
tight binding of ADP. Although the reason why ORC-2 binds ADP so tightly compared 
with other AAA+ family proteins is not clear, it is likely that there is some biological 
significance to this observation. One implication of this observation is that ATP turnover 
controls the activity of the ORC-2 protein and that some additional factors are required to 
facilitate the release o f ADP from the protein, presumably as a part of the processes 
controlling origin firing in archaea.
The effect of ss and ds non-specific DNA on the ATPase activity of the protein was 
also examined. As Fig. 4.26 shows, the presence of ds DNA inhibited the ATPase activity 
of the protein, while the ssDNA did not have any effect.
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Fig. 4.25 ATPase assay of Ape ORC-2. (A) Full-length protein, (B) Domain I+II of 
ApeORC-2, (C) The ApeORC-1 protein undergoes a single turnover of ATP. 6pM 
ATP and 3p,M protein were used in each reaction. The time points were collected 
every 30 seconds up to 8 minutes.
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Fig. 4.26 ATPase assay for Ape ORC-2. (A) In the presence of ssDNA, (B) In the 
presence of dsDNA. (C) Regulation of ATPase activity of Ape ORC-2 by DNA. 6jxM 
ATP, 3jaM protein and 9pM DNA were used in each reaction.
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4.6 Phosphorylation activity
Recent reports revealed that the two ORC homologues from euryarchaeaon 
M.thermoautotrophicum are able to undergo phosphorylation reaction in vitro that requires 
a y-phosphate of ATP or dATP and an intact Walker A motif (Grabowski and Kelman, 
2001; Kasiviswanathan et al., 2005). A phosphoamino acid analysis with acid hydrolysis 
and one-dimensional electrophoresis revealed that both proteins are phosphorylated on 
serine residues, but the precise location of the phosphorylation sites is unknown 
(Grabowski and Kelman, 2001). It was found that ss and ds DNA inhibits the 
autophosphorylation of both ORC homologues from M.thermoautotrophicum (Grabowski 
and Kelman, 2001). Autophosphorylation of ORC was reported for one of the crenarchaeal 
S.solfataricus ORC homologues (De Felice et al., 2003) and for the ORC homologue of 
P.aerophilum  (Grabowski and Kelman, 2001). As for the euryarchaeal ORC, the 
autophosphorylation of SsoORC requires an integral Walker A motif. However, ss and ds 
DNA inhibited this activity only slightly (De Felice et al., 2003). Autophosphorylation 
activity was observed for the eukaryal CDC6 protein as well (Grabowski and Kelman,
2001). However phosphorylation of both serine and threonine residues was detected 
(Grabowski and Kelman, 2001).
To examine if the A. per nix ORC homologues undergo autophosphorylation, the 
proteins were incubated in the presence of [y-32P] ATP at 75°C. The ApeORC-2 reaction 
mixture was incubated for 10 min, while Ape ORC-1 incubation continued for 5 hours, since 
the ATPase activity of ApeORCA was much slower (see Chapter 2). As Fig. 4.27C shows, 
a low level of autophosphorylation was observed only for ApeORC-2, but not for the 
ApeORCA  protein. Only the full-length ORC-2 was able to undergo phosphorylation, 
Domain I+II alone was not able to autophosphorylate, suggesting that the ORC-2 
phosphorylation sites may be located within Domain III. In contrast to the observation for 
M.thermoautotrophicum  and S.solfataricus ORC homologues, ss and ds DNA did not 
inhibit the autophosphorylation ability of Ape ORC-2 (Fig. 4.27C). Similar results were 
observed for the eukaryal CDC18 protein from S.pombe, where ss or ds DNA did not have 
any effect (Grabowski and Kelman, 2001). In eukaryotes, ORC and CDC6 were found to
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be phosphorylated by cyclin dependent kinases (Elsasser et al., 1996; Brown et al., 1997; 
Findeisen et al., 1999). Phosphorylation of CDC6 is associated with its degradation (in 
yeast) or nuclear export (in mammals) (Muzi-Falconi et al., 1996 a, b; Lopez-Girona et al., 
1998; Fujita et al., 1999). Since CDC6 is essential for MCM to load onto chromatin, this 
has the effect of restricting MCM loading to Gl/S, when CDC6 is present and active. 
Therefore, it was proposed that autophosphorylation in archaea might play a regulatory role 
during initiation as well (Grabowski and Kelman, 2001; Kelman and Kelman, 2003; 
Grabowki and Kelman, 2003). It was also hypothesized that ORC-MCM interaction may 
regulate the phosphorylation activity during assembly of the helicase around DNA at the 
origin (Grabowski and Kelman, 2001; Kelman and Kelman, 2003). Thus, the effect of 
MCM on the ORC autophosphorylation was analysed. In contrast to the observations for 
the M .th erm o a u to tro p h o cu m  ORC homologues, where MCM stimulated the 
autophosphorylation of ORC-1, but inhibited the autophosphorylation of ORC-2 
(Kasiviswanathan et al., 2005), MCM from A .per nix  did not affect the level of 
autophosphorylation of Ape ORC-2 (Fig. 4.27). Interestingly, it was found that ORC-2 
phosphorylates full-length MCM and MCM in which the N-terminal 251 amino acids were 
deleted (Fig. 4.27A). The MCM phosphorylation appears to be specific for the A.pernix 
MCM only, since the A.fulgidus MCM was not phosphorylated by the A.pernix ORC-2 
(Fig. 4.27B). The low level of phosphorylation made it very difficult to locate the 
phosphorylation sites of either MCM or ORC-2. To detect possible phosphorylation sites 
within ApeMCM , 16 amino acids long peptides (which overlap every two amino acids) 
from ApeMCM  were spotted on a filter membrane. This membrane was used in the 
radioactive phosphorylation reaction as described in Chapter 2. After several washings and 
treatment with X-phosphatase to delimit nonspecific phosphorylation, the membrane was 
dried and exposed overnight in a phosphoimager cassette. As Fig. 4.28 shows, a few 
regions of the membrane showed phosphorylation. Future work involving mutation of these 
residues will confirm that observation.
The observed phosphorylation of ApeMCM. is not surprising. In eukaryotes, 
different subunits of the MCM2-7 complex was found to be phosphorylated by the cyclin 
dependent kinases. It is believed that MCM chromatin binding and helicase activity are
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regulated by the phosphorylation of the MCM subunits (Musahl et al., 1995; Hendrickson 
et al., 1996; Coue et al., 1996; Young et al., 1997; Fujita et al., 1999; Ishimi, 2000; Ishimi 
et al., 2001). In archaea, the mechanism that control the origin firing and preventing of 
replication re-initiation is not known. Homologues of CDK or DDK were not found within 
the archaeal genomes to date, which suggest that, despite of the sequence similarity 
between archaeal and eukaryal replication proteins, an alternative mechanism for 
replication regulation may be used. It is possible that the archaeal ORC homologues play 
different roles during the initiation of replication. Apart from origin recognition and/or 
helicase loading, they may regulate the replication by phosphorylating and inactivating the 
archaeal MCM.
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Fig. 4.27 Phosphorylation assays. (A) Within A.pernix proteins, (B) With MCM 
from A.fulgidus. Only the full length ApeORC-2 phosphorylate itself and Ape MCM, 
but not 4/MCM. (C) Ape ORC-2 did not undergo phosphorylation and ss or ds DNA 
did not have any effect on the phosphorylation of ApeORC-2.
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Fig. 4.28 Possible phosphorylation sites fox ApeMCM..
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4.7 Conclusions and future work
All cellular organisms use a defined set of proteins to initiate the replication of 
chromosomal DNA. In bacteria and eukaryotes, this role is fulfilled by DnaA and ORC, 
respectively (Kaguni, 1997; Mendez and Stillman, 2000; Messer et al., 2001; Gerbi et al., 
2002; DePamphilis, 2003). For archaea, genomic sequence data show that these organisms 
possess DNA replication proteins homologous to those of eukaryotes, suggesting that they 
may initiate replication in a similar manner (Edgell and Doolittle, 1997; Myllykallio et al., 
2000; Kelman and Kelman, 2003; Giraldo, 2003). However, biochemical and structural 
data indicate that there may also be significant functional, and perhaps evolutionary overlap 
between the replication initiation mechanism of bacteria and archaea (Liu et al., 2000; 
Erzberger et al., 2002; Robinson et al., 2004). Many archaeal genomes contain more than 
one ORC/CDC6 open reading frames (Smith et al., 1997; Ng et al., 2000; Myllykallio and 
Forterre, 2000; She et al., 2001). Archaeal ORC/CDC6 homologues share sequence 
similarity with certain regions of the eukaryotic ORC1 and CDC6 subunits (Fig. 4.2). 
Furthermore, the crystal structures of the ORC/CDC6 homologues from P.aerophilum (Liu 
et al., 2000) and A.pernix (Singleton et al., 2004) revealed that they are composed of an N- 
terminal AAA+ nucleotide binding module linked to a C-terminal winged helix domain that 
is believed to be responsible for DNA binding activity (Liu et al., 2000; Singleton et al., 
2004). A similar modular organisation was also observed in the three-dimensional structure 
of the DnaA protein from the bacterium Aquifex aeolicus (Erzeberger et al., 2002). The 
function of the archaeal ORC1/CDC6 homologues remains unknown. It is possible that 
different ORC1/CDC6 define distinct replication origins within given species. 
Alternatively, it is conceivable that, although related to both eukaryotic ORC1 and CDC6, 
individual archaeal ORC/CDC6 factors may have a dual function as the replication initiator 
(by specifically binding the chromosomal replication origin) and as the DNA-helicase 
loader (by recruiting the MCM complex at the origin) (Kelman and Kelman, 2003). Finally, 
it is possible that some o f the archaeal ORC1/CDC6 homologues act as regulators. 
However, the biochemical properties of the archaeal ORC/CDC6 homologues have been 
poorly investigated so far.
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In this chapter, the biochemical characteristics of the two ORC/CDC6 homologues 
from A.pernix (named ORC-1 and ORC-2) were studied. Gel filtration analyses showed 
that the recombinant Ape ORC-1 and Ape ORC-2 form monomers in solution at low 
concentrations. However, more recent analytical ultracentrifugation experiments suggested 
that yf/?eORC-l (but not ApeOKC-2) dimerises at higher concentrations (M. Gaudier and S. 
Westcott). Dimerisation of archaeal ORC homologue was observed with the ORC-2 from 
M.thermoautotrophicum as well (Shin et al., 2003). The significance of this observation is 
not clear yet.
Both ORC homologues show a high degree of sequence similarity. While the 
crystallographic structure of ApeOKC-2 is available (Singleton et al., 2004), the structure of 
Ape ORC-1 is not, but it is expected to be similar to the ORC-2. Both proteins contain 
Walker A and Walker B motifs located in the interface between domain I and domain II, 
and a winged-helix m otif located at the C-terminus. The winged-helix domain has been 
proposed to interact with DNA (Liu et al., 2000; Singleton et al., 2004; Robinson et al., 
2004).
To better understand the physical basis of the initiation of DNA replication in 
A.pernix, it is important to define the molecular interactions that occur at the replication 
origin. Such study has only recently become possible through the identification of an origin 
of replication in A.pernix (Ian Grainge). In the meantime, non-specific DNA of different 
shapes was used to examine the binding affinity of the proteins. An electrophoretic mobility 
band shift assays were carried out using a variety of protein concentrations. Both proteins 
were found to bind single-stranded and double-stranded DNA unlike MthOKC-1 protein, 
which was found to bind double-stranded, but not single-stranded DNA (Capaldi and 
Berger, 2004; Kasiviswanathan et al., 2005). The binding curves were fitted to both an 
independent binding site equation and the Hill equation. Although only ORC-1 was found 
to form dimers, both ORC proteins of A.pernix were found to bind cooperatively to all 
DNA substrates used (Hill coefficients higher than 1). The DNA binding affinity of 
Domain I+II and Domain III were also investigated. As expected from the structural 
organisation, Domain I+II was not able to bind single-stranded or double-stranded DNA, 
while Domain III alone did bind the different forms of DNA although with a lower affinity.
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This observation confirms that the winged-helix domain III is responsible for the DNA 
binding activity of the proteins.
Recently, a sequence, which may play the role of a replication origin, was detected 
in A.pernix  (Ian Grainge). The sequence contained four repeats, named origin of 
recognition boxes, similar to the ones found in some archaeal species (Robinson et al., 
2004; Capaldi and Berger, 2004). The binding affinity of ORC-1 protein to each of the four 
26bp-long single boxes was examined. It was found that ^/?eORC-l binds cooperatively to 
ORB1 and ORB4 with a higher affinity than to ORB2 and ORB3. When the full origin was 
used (all four boxes), the Hill coefficient was higher than 2, suggesting a multimerisation of 
the protein upon binding to DNA. Future work in the lab will examine further this 
possibility. Analytical ultracentrifuge experiments using a DNA sequence containing all 
four ORBs will show if the ORC-1 protein oligomerises further upon binding to origin 
DNA. Cross-linking together ORC proteins and examination of their oligomerisation state 
will show if ORC-1 can form higher oligomers alone or the multimerisation occurs as a 
result of binding to origin DNA.
Next, the ATPase activity of the two ORC homologues was examined. Analysis of 
the primary structure of both proteins revealed that they contain all sequence motifs found 
in the proteins of the AAA+ family, and in accordance with this similarity the homogenous 
recombinant proteins were found to be able to hydrolyse ATP. Both proteins were deficient 
in ATPase activity when purified from E.coli. The crystal structure of Ape ORC-2 showed 
the presence of ADP although the nucleotide was not added to the protein (Singleton et al., 
2004). To clear out the bound nucleotide, both ORC proteins were denatured in 6M 
guanidinium chloride and dialysed against activated charcoal before subsequent 
renaturation. The apo forms were found to undergo a single turnover of ATP hydrolysis and 
then suffer from extreme product inhibition due to the tight binding of nucleotide. Although 
the reason why the proteins bind nucleotide so tightly is not clear, it is likely that there is 
some biological significance to this observation. One implication could be that ATP 
turnover controls the activity of the ORC proteins and some additional factors are required 
to facilitate the release of nucleotide from them. To test if DNA is one of these factors, 
single-stranded and double-stranded origin and non-specific DNA were added to the
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ATPase reaction. It was found that double-stranded (but not single-stranded) DNA inhibits 
the ATPase activity of both proteins. These results suggest similarity between the activities 
of the A.pernix ORC homologues and the eukaryotic ORC complex (Lee et al., 2000). In 
S.cerevisiae, double-stranded origin DNA inhibits the ATPase activity of the protein, while 
single-stranded origin DNA was found to stimulate this activity. Therefore, it was proposed 
that origin unwinding triggers a transition between nucleotide-bound and apo forms (Lee et 
al., 2000). It is possible that other proteins stimulate the release of nucleotide from the 
archaeal ORC homologues. Future work in the lab will investigate if the presence of MCM 
has any effect on the ATPase activity of both ORCs.
Another interesting similarity between eukaryotic ORC and archaeal ORC proteins 
is the presence of a conserved arginine residue. Such a residue was found in class I, but not 
class II of the archaeal ORC homologues. Mutation of this residue in S.cerevisiae ORC4 
eliminated the ATP hydrolysis by ORC, did not support cell viability and showed defects in 
pre-RC formation (Bowers et al., 2004). Mutation of the corresponding residue in A.pernix 
ORC-1 (R198A) was found to be defective in ATP hydrolysis. Future work in the lab will 
examine further the role of this arginine. It is interesting to know if the ATP binding 
activity of the protein is also affected by this residue and if this arginine is important for 
formation of the pre-replication complex in A.pernix.
Several studies on the ORC homologues from M.thermoautotrophicum (Grabowski 
and Kelman, 2001), S.solfataricus (De Felice et al., 2003) and P.aeorophylum (Grabowski 
and Kelman, 2001) demonstrated that the proteins undergo autophosphorylation. Although 
the precise phosphorylation sites are unknown, phosphoamino acid analysis and one­
dimensional electrophoresis revealed that both ORC proteins from M.thermoautotrophicum 
are phosphorylated on the serine residues. It was also demonstrated that double-stranded 
and single-stranded DNA inhibits the autophosphorylation reaction (Grabowski and 
Kelman, 2001; De Felice et al., 2003). In A.pernix the full-length ORC-2, but noiApeORC- 
1 was found to undergo autophosphorylation, which was not affected by the presence of 
single-stranded or double-stranded DNA. Although Domain I+II was found to have a 
similar ATPase activity as the full-length ORC-2, this deletion mutant did not 
autophosphorylate. This suggests that phosphorylation sites may be located within Domain
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III. Moreover, ORC-2 was found to phosphorylate the full-length MCM as well as the 
deletion mutant AN256 MCM. This phosphorylation is species-specific since MCM from 
A.fulgidus was not phosphorylated by ORC-2 from A.pernix. This observation suggests that 
the MCM phosphorylation sites may be located within residues 256-699 of A.pernix MCM 
and may not be conserved between A.fulgidus and A.pernix  MCM homologues. A 
phosphorylation of MCM by ORC-1 seems to occur in M.thermoaoutotrophicum as well 
although it was not discussed in the article (Kasiviswanathan et al., 2005, Fig. 6, lane 4 of 
the paper). Interestingly, MthMCM  was found to stimulate the autophosphorylation of 
ORC-1 and inhibit the autophosphorylation of ORC-2 (Kasiviswanathan et al., 2005). In 
contrast, MCM from A.pernix did not affect the level of autophosphorylation of Ape ORC-2 
and did not provoke a phosphorylation of Ape ORC-1. The low level of phosphorylation 
makes the determination of phosphorylation sites of either ORC-2 or MCM extremely 
difficult. When a membrane containing overlapping amino acid peptides from A.pernix 
MCM was used in the phosphorylation reaction, several residues were found to be 
phosphorylated. Future work in the lab involving mutations of these residues will confirm 
that observation and will investigate further the role of MCM phosphorylation in the 
formation of the pre-replication complex of A.pernix.
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CHAPTER 5
BIOCHEMICAL CHARACTERISATION OF 
A.pemix MCM HELICASE
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5.1 Introduction
Almost all of the archaea for which the genome is known contain a single MCM 
homologue (Myllykallio and Forterre, 2000). The archaeal MCM homologues from 
M .thermoautotrophicum  (Kelman, 1999; Chong et al., 2000; Shechter et al., 2000; 
Poplawski et al., 2001; Shin et al., 2003; Chen et al., 2004; Kasiviswanathan et al., 2005), 
A.fulgidus (Grainge et al., 2003) and S.solfataricus (Carpentieri et al., 2002; McGeoch et 
al., 2005) have been extensively studied in vitro, while the P.abyssi protein was studied in 
vivo (Matsunaga et al., 2001). The archaeal MCM protein can be divided into two 
functional parts. The N-terminal part is believed to participate in protein multimerisation 
and ssDNA binding, while the C-terminal part of the protein contains the helicase catalytic 
domain(s) (Chong et al., 2000; Fletcher et al., 2003). In vitro studies revealed that the 
archaeal MCM helicase possesses biochemical properties similar to those of the eukaryotic 
MCM helicase (Kelman et al., 1999; Chong et al., 2000; Shechter et al., 2000; Tye, 2000; 
Poplawski et al., 2001; Carpentieri et al., 2002). These include a 3'-5' helicase activity 
which is dependent upon ATP, ssDNA binding and DNA dependent ATPase activity.
The oligomeric structure of the archaeal MCM complex is still not clear. Whereas 
the recombinant M.thermoautotrophicum MCM was reported to form dodecamers (Kelman 
et al., 1999; Chong et al., 2000; Shechter et al., 2000; Poplawski et al., 2001), the MCM 
from S.solfataricus (Carpentieri et al., 2002) and A.fulgidus (Grainge et al., 2003) were 
both shown to behave as homohexamers in solution. The crystallographic structure of the 
MthMCM  N-terminal portion (residues 2-286) revealed a dodecameric architecture, with 
two hexameric rings juxtaposed in a head-to-head configuration (Fletcher et al., 2003). A 
remarkable feature o f the MthMCM  crystal structure is the presence of a long central 
channel the surface of which has a considerably high positive charge. A three-dimensional 
reconstruction of the full sized MthMCM  structure by electron microscopy suggests that 
this central channel runs throughout the entire MthMCM  molecule (Pape et al., 2003).
Studies on the biochemical properties of euryarchaeal and crenarchaeal MCMs 
demonstrated similarities and important differences (Kelman et al., 1999; Chong et al., 
2000; Shechter et al., 2000; Carpentieri et al., 2002; Grainge et al., 2003). The biochemical
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data from euryarchaeal MCMs comes from the characterisation of M.thermoautotrophicum 
MCM (MthMCM) and A.fulgidus MCM (4/MCM). It has been observed that the single­
stranded or double-stranded DNA binding ability of MCM from M. thermoautotrophicum 
and A.fulgidus is not affected by the presence or the absence of ATP or divalent metal ions 
(Fletcher et al., 2003; Kelman and Hurwitz, 2003; Grainge et al., 2003). The ATPase 
activity of the euryarchaeal MCMs is stimulated by single-stranded and double-stranded 
DNA, while the ATPase activity of the crenarchaeal SsMCM is not stimulated by DNA, but 
is much higher than that of MthMCM  (Kelman et al., 1999; Chong et al., 2000; Shechter et 
al., 2000; Carpentieri et al., 2002; Grainge et al., 2003). Another distinction between the 
two archaeal kingdoms is the type of the zinc-binding motif. While the euryarchaeal species 
have a zinc-binding motif of C4 type, the crenarchaeal ones have a C3 type.
The mechanism o f MCM loading at the archaeal origins is not yet understood. This 
process is not well understood in eukaryotes either. It is believed, however, that the overall 
mechanism will bear at least some similarity to that of bacteria, in which DnaC utilizes 
ATP binding and hydrolysis to assemble the DnaB helicase at the origin (Lee and Bell,
2000). The main characteristics of the interaction between DnaC and DnaB are the 
inhibition of DnaB helicase activity when DnaC is bound to ATP and the release of that 
inhibition on helicase loading and ATP hydrolysis (Wahle et al., 1989a and b; Davey et al.,
2002). However, similar activities for the putative eukaryotic helicase loader, CDC6, have 
not been demonstrated. In archaea, the interactions among the initiation proteins are 
currently unknown. In vitro studies demonstrated that the M.thermoaoutotrophicus ORC-1 
and ORC-2 proteins inhibit MCM helicase activity and it was therefore suggested that the 
proteins interact (Shin et al., 2003a). Two-hybrid and Far Western blot analysis has 
demonstrated the interactions between MCM and the two ORC/CDC6 homologues 
identified in the M.thermoautotrophicus genome (MthCDC6-\ and MthCDC6-2) (Shin et 
al., 2003a). Although the ORC/CDC6 homologues are very similar in primary amino acid 
sequence (Giraldo, 2003) and were suggested to have similar structure and domain 
organisation (Liu et al., 2003; Singleton et al., 2004), they appear to employ different 
regions for MCM binding. While MthCDC6-\ binds MCM predominately via the WH 
domain (Shin et al., 2003), this domain of MthCDC6-2 does not interact with the MCM
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helicase. Only the full-length MthCDC6-2 protein has been shown to bind MCM. This is 
similar to the observations made with a CDC6 homologue from S. sulfataricus in which an 
indirect assay suggested that the WH domain of one of the three CDC6 homologues is not 
required for MCM binding (De Felice et a l , 2003). The major contact between MthMCM  
and MthCDC6 homologues is via the N-terminal portion of MCM (Kasiviswanathan et al, 
2004; Kasiviswanathan et a l, 2005). In contrast, the CDC6 homologue from P.aerophilum 
(PaCDC6) did not bind to MCM (Shin et a l, 2003a and b).
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5.2 Aim of the project
The analysis of the A.pernix genome sequence revealed the presence of a single 
open reading frame coding for a putative homologue of the eukaryotic MCM proteins 
(APE0188) (Kawarabayasi et al., 1999). Using the computer program ClustalW, a sequence 
alignment of archaeal MCMs and MCM4 from H.sapiens and S.cerevisiae was performed. 
It was found that A pe  MCM shares a 32% identity with the human and yeast MCM4, 
respectively. ApeMCM does not contain the N-terminal extension of about 160 amino acid 
residues found in the eukaryotic counterparts and the cyclin-dependent kinase 
phosphorylation sites that are clustered in the N-terminal region of the eukaryotic MCM4 
(Kearsey and Labib, 1998; Tye et al., 1999; Shechter et al., 2000). Moreover, the core 
region of the archaeal and eukaryal sequences shows a high level of similarity because it 
contains the four amino acid motifs typically found in DNA helicases (Koonin, 1993b). As 
observed in Fig. 5.1, the sequence boxes A and B correspond to the Walker A and B motifs 
that are involved in for nucleotide binding and hydrolysis, respectively (Neuwald et al., 
1999). An arginine finger motif was also identified (Neuwald et al., 1999) (Fig.5.1). In 
addition, the Aeropyrum  and Sulfolobus MCM sequences contain a zinc binding motif of 
the HC3-type (Poplawski et al., 2001), whereas the MCM proteins from eukaryotic 
organisms (Kearsey and Labib, 1998; Tye, 1999) and the euryarchaeal species (Poplawski 
et al., 2001) possess a zinc-binding motif of the HC4-type (Fig.5.2).
All known helicases provide the free energy required to break hydrogen bonds in 
duplex DNA by coupling this reaction to the hydrolysis of nucleoside triphosphates. The 
goal of the work described in this chapter is to extend our understanding of the biochemical 
properties of the archaeal MCM protein. These properties were investigated by mutating 
conserved residues within MCM and clarifying the roles of several individual residues in 
the biochemical properties of MCM. The biochemical characteristics of the mutant proteins 
have been compared to those of wild type MCM.
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Fig. 5.1 Sequence alignment of archaeal MCM and eukaryal MCM4 proteins 
showing the Walker A (in red), Walker B  (in green) and arginine finger (in 
yellow) motifs (Walker et al., 1982; Koonin et al., 1993a). Eukaryotic 
species: Hs, Homo sapiens. Euryarchaeal species: Mth, Methanobacterium 
thermoautotrophicum; Af, Archaeoglobus fulgidus. Crenarchaeal species: Ss, 
Sulfolobus solfataricus\ Ape, Aeropyrum pernix.
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Fig. 5.2 Sequence alignment of archaeal MCM and eukaryal MCM4 proteins 
showing the zinc-binding domain. The residues capable of coordinating zinc are 
shown in red. Eukaryotic species: Hs, Homo sapiens. Euryarchaeal species: Mth, 
Methanobacterium thermoautotrophicum; A f, Archaeoglobus fulgidus. 
Crenarchaeal species: Ss, Sulfolobus solfataricus; Ape, Aeropyrum pernix.
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5.3 Identification and purification of wild-type and mutant 
A.pernix MCM
5.3.1 Purification of the w ild type ApeMCM protein
The gene encoding the A.pernix MCM was expressed in E.coli using the pET28 
plasmid vector. The recombinant protein was found to be expressed at high level in a 
soluble form and was purified by a procedure that included a thermal treatment of the cell 
extracts and chromatographic steps on HiTrap Heparin and MonoQ columns, as described 
in Chapter 2.
In order to assess the oligomeric state of the recombinant ApeMCM , a gel filtration 
experiment was carried out on a Superdex S200 (16/60) column (Fig. 5.3). A set of 
globular protein standards was run in the same experimental conditions. This set included 
blue dextran (2000kDa), ferritin (440kDa), catalase (232kDa) and ovalbumin (43 kDa). The 
apparent molecular weight of the protein is calculated from the equation of the standard 
calibration curve of the column. A molecular mass of about 480 kDa was estimated which 
suggests that ^4/?eMCM forms hexamers in solution. The oligomeric state of the Ape MCM 
protein was found not to be affected by the addition of ATP (at lOOpM) or single-stranded 
or double-stranded DNA molecules (Ian Grainge).
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Fig. 5.3 Gel filtration analysis of ApeMCM. protein and its mutants. (A) Elution 
profile of the purified proteins from Superdex S200 (16/60) gel filtration column. 
The arrows indicate the position of the protein markers used to calibrate the column 
(Blue dextran; Ferritin, Catalase and Ovalbumin). (B) Coomassie blue-stained SDS- 
PAGE of the wild type, zinc, Walker A, Walker B, arginine and AN256 mutant 
proteins after GF purification procedure.
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5.3.2 N-terminal deletion mutant (AN256 MCM)
The crystallographic structure of M. thermoautotrophicus M CM  N-terminal portion 
(residues 2-286) revealed a dodecameric architecture, with two hexameric rings juxtaposed 
in a head-to-head configuration (Fletcher et al., 2003). According to this crystal structure, 
each monomer is folded into three distinct domains A, B and C (Fletcher et al., 2003). 
Domain A is needed for dsDNA translocation and is believed to have a regulatory function, 
while domain C is necessary and sufficient for MCM multimerisation and helicase activity 
(Kasiviswanathan et al., 2004). Domain B is the major contact with ssDNA and contains 
the zinc-binding motif. In addition, studies with the A.fulgidus MCM suggested that domain 
B is not needed for multimerisation (Grainge et al., 2003) but probably for single-stranded 
DNA binding. To examine the function of domain B in ApeMCWl, an N-terminal deletion 
consisting of the 256 amino acids of the Ape MCM protein was generated. The protein was 
expressed in E.coli and purified using the same chromatographic steps as for the wild-type 
protein. Gel filtration analysis revealed that the AN256 MCM form hexamers in solution 
(calculated apparent molecular weight of 294kDa) (Fig.5.3).
5.3.3 Zinc-binding mutant
The primary amino acid sequences of the eukaryotic MCM2,4,6 and 7 proteins from 
all organisms contain a putative zinc-binding motif o f the C4 type (Tye, 1999). The 
sequence alignment of MCM3 and MCM5, which are the only two MCMs that are thought 
not to have a zinc-binding motif, also contain motifs capable of coordinating zinc. MCM5 
has a motif with four cysteines and MCM3 has an unconventional motif containing 
CXXTX19SX7E, which can be aligned with the zinc motifs of other MCMs (Fig 5.2) (Yan 
et al., 1993). All the residues in the proposed zinc motif of MCM3 (threonine, serine and 
glutamate/aspartate) are capable of participating in zinc atom coordination (Yan et al., 
1993).
A zinc-binding m otif o f the CHype has been identified in all archaea of the 
euryarchaeota kingdom for which the complete genome is known. The crystal structure of
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the N-terminus of MtMCM  predicts that the zinc-binding motif is important in mediating 
double hexamer formation (Fletcher et al, 2003). A Cys to Ser mutation at the second Cys 
residue of the zinc motif is reported to result in reduced zinc binding, DNA binding and 
helicase activity, but has limited effects on the stability of the double hexamer (Poplawski 
et al, 2001). A serine at this position could still coordinate zinc to some extent, as in the 
case of MCM3 (Yan et al., 1993). More debilitating changes, such as changes to alanine or 
changes of more than one cysteine residue at a time would have more profound effect on 
disrupting the hexamer-hexamer formation (Fletcher et al, 2003).
In contrast to the euryarchaeal species, the species from the crenarchaeota kingdom, 
to which A.pernix belongs, contain a zinc-binding motif of C3 type. In order to elucidate the 
roles played by the zinc-binding domain of this type in ApeMCM  function, the motif was 
mutated by substituting the cysteine residue 152 to an alanine. The mutant protein was 
expressed and purified from E.coli cells using the procedure previously described for the 
purification of the wild type enzyme. There are many examples in which zinc-binding 
domains participate in protein-protein interactions (Leon and Roth, 2000). The effect of the 
mutation in the zinc-binding domain on the oligomeric state of ApeMCM  was determined 
using gel filtration. SDS-PAGE of the fractions obtained by the gel filtration experiments 
yielded protein peak at a similar position for the wild type and mutant protein. The protein 
peak was detected at a position similar to that of the wild-type enzyme (Fig. 5.3). The zinc 
mutant migrated from the column with an apparent molecular weight of 480kDa. Thus, this 
suggests that the zinc-binding motif of C3-type of the ApeMCM. protein is not needed to 
stabilise protein-protein interactions within the MCM complex. The same observation was 
made for the zinc-binding motif of MthMCM  (Poplawski et al., 2001).
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5.3.4 Walker A and Walker B mutants
The MCM proteins are members of the large AAA+ ATPase family and are 
required not only for replication initiation but also for elongation (Walter and Newport, 
2000; Labib and Diffley, 2001; Forsburg, 2004). In eukaryotes, the intact MCM2-7 
complex does not have any detectable biochemical activity (Adachi et al., 1997; Ishimi et 
al., 1998; Lee and Hurwitz, 2000; Sato et al., 2000). However, a heterohexamer formed 
from a dimer of the trimer subcomplex MCM4,6,7 possesses in vitro single-stranded DNA 
and ATP binding activities as well as ssDNA-dependent ATPase and 3'-5' DNA helicase 
activities (Ishimi et al., 1998, 2000; Lee and Hurwitz, 2000, 2001). Mutational analysis 
within the Walker A and Walker B motifs of mouse MCM4 and MCM6 has demonstrated 
the importance of these domains for the in vitro DNA helicase activity of the hexameric 
MCM4,6,7 complex (You et al., 1999).
The Walker A motif has the consensus sequence, including the invariant lysine 
residue found in the ATP-binding proteins. The Walker A motif sequence in the MCMs 
contains a slight variation from the consensus observed in other AAA+ proteins. It has an 
alanine or serine in place of a glycine and some additional conserved residues, which create 
the MCM specific consensus GDPxx(S/A)KS (Fig.5.1) (Koonin, 1993). On the basis of 
studies of known ATPases, it is suggested that the lysine in the Walker A motif directly 
interacts with the phosphatyl group of bound ATP (Walker et al., 1982). The Walker B 
motif has a consensus IDEFDKM and is believed to be responsible for ATP hydrolysis 
(Fig.5.1) (Neuwald et al., 1999; Patel and Picha, 2000). Apparently the common 
denominator for all variants of the B motif is at least one negatively charged residue 
preceded by a stretch of bulky hydrophobic residues predicted to form a (3-strand (Koonin, 
1993). To better understand the importance of the ATP binding and hydrolysis motifs, 
mutations of two residues within the Walker A motif (K349E and S350E) and one residue 
within the Walker B motif (E408A) were constructed. The mutant proteins were expressed 
and purified from E.coli cells using the procedure previously described for the purification 
of the wild type enzyme. The mutant proteins were found to form stable hexamers in 
solution as the wild-type protein (Fig.5.3).
Results and Discussion 206
5.3.5 Arginine mutant
In some AAA+ proteins The ATP sites are located at the interface of subunits 
(Davey et al., 2003; Ogura et al., 2004; Neuwald et al., 2005). Residues from both subunits 
are thought to be required for ATP hydrolysis (Davey et al., 2003). An arginine residue of 
one subunit is required for hydrolysis of ATP bound to a neighbouring subunit (Davey et 
al., 2003). A catalytic arginine residue that reaches across a subunit interface to promote 
nucleotide hydrolysis is referred to as an arginine finger, first described in the RAS GTP- 
binding protein and its cognate GAP (GTPase activating protein) (Ahmadian et al., 1997). 
When bound to GTP, RAS is active, but is inactive when bound to GDP. RAS hydrolyses 
GTP very slowly and requires an arginine residue from GAP to promote rapid hydrolysis. 
Structural and biochemical studies have suggested that the arginine finger in GAP stabilises 
the transition state thereby greatly increasing the catalytic rate of the RAS GTPases 
(Ahmadian et al., 1997).
Studies on the individual MCM subunits from the eukaryotic heterohexameric 
MCM2-7 complex demonstrated that no individual MCM protein contains significant 
ATPase activity even though each one has an ATP binding site. ATPase activity is 
produced by a combination of at least two MCM proteins, implying that ATPase activity 
requires residues from both subunits (e.g. a catalytic arginine from one subunit and an ATP 
binding site in another) (Davey et al., 2003).
Sequence alignment of archaeal and eukaryotic MCMs (Fig.5.1) revealed that the 
conserved arginine finger motif (SRF) in eukaryotic MCMs is present in the archaeal 
homologues. To investigate the impact of the arginine finger motif on the biochemical 
properties of the A.pernix  MCM helicase, the motif was mutated by substituting the 
arginine residue 476 to an alanine. The mutant protein was expressed and purified from 
E.coli cells using the procedure described for the purification of the wild type enzyme. The 
mutant protein form hexamers in solution as the wild-type Ape MCM (Fig.5.3).
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5.4. Biochemical properties
5.4.1 DNA binding activ ity
Some DNA helicases possess strong affinity for ssDNA (Lohman and Bjomson, 
1996; Hippel and Delagoutte, 2001; Shin et al., 2003). The polar nature of the unwinding 
reaction is expected to require a polar interaction with ssDNA, and this has been 
demonstrated in DnaB, MCM2-7 and archaeal MCM as an asymmetric binding of 
radioactively labelled DNA molecules (Biswas et al., 2002; Shin et al., 2003). Interactions 
with single-stranded DNA are commonly required for initiation of the helicase reaction in 
vitro. However, it should be noted that ssDNA tails will rarely exist in vivo and that the 
helicase is presumably loaded onto its substrate by accessory proteins. Some helicases 
display a specificity for a particular DNA structure (Shin et al., 2003). Allosteric regulation 
of the DNA binding properties of the MCM helicase is incompletely understood. However, 
this enzyme presumably works by cycling vectorally through a series of nucleotide- 
dependent DNA binding states. Therefore, a good understanding of the DNA binding 
properties of this enzyme will be informative for its mechanism.
The ability of the wild type and mutants of ApeMCM  protein to bind single­
stranded and double-stranded DNA was investigated using the electrophoretic mobility 
shift assay technique. For these assays, 32P-labelled oligonucleotides were incubated with 
increasing amounts of wild type and mutant forms of the Ape MCM protein in the presence 
and absence of ATP. A variety of DNA substrates were used to assay the binding 
preference of the Ape MCM and the mutant proteins (see Fig. 4.4, Chapter 4). These 
encompassed substrates of single-stranded or double-stranded DNA, or substrates 
containing both. All of the different substrates in the assays were bound by the wild type 
enzyme and some of the mutants (Fig. 5.4 and Fig.5.5). The extent of the binding was 
dependent upon the concentration of protein used in the reaction. Furthermore, this binding 
was not affected by the presence of ATP (Ian Grainge). In substrates containing only 25 
bases of single-stranded or double-stranded DNA, a single-band was observed on the 
polyacrylamide gels (Fig. 5.4 A and B). However when longer substrates were used, a
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second slower migrating band was detected (Fig. 5.4 C, D, E and Fig. 5.5). This could be a 
result of binding of initially one and then two hexamers to a DNA substrate, when the DNA 
is long enough to accommodate both. To quantitatively analyse the data for these 
interactions, the binding curves were fitted to an independent binding site equation and Hill 
equation when possible (Chapter 2). Binding curves were repeated in triplicate and the plots 
show the average and standard deviations from the three data sets. Fig. 5.4, Fig. 5.5 and 
show plots of the percentage of bound substrate against the concentration of ApeMCM  
protein. In the plot the amount bound represents substrate shifted by both complexes (both 
bands). Although binding to a variety of DNA structures was analysed, there was very little 
variation in binding efficiency between them, with the exception of those containing a 
single-stranded bubble flanked by duplex DNA. This suggests that a bubble substrate is a 
preferred ligand for the MCM hexamer (Fig. 5.6). A cooperative binding between hexamers 
was observed on bubble substrates that are absent on the other DNA substrates. 
Furthermore, the size of the single-stranded region of the bubble affects this cooperativity. 
With the increase of the single-stranded bubble region, the degree of cooperativity 
increased.
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Like the wild type Ape MCM protein, Walker A, Walker B and arginine finger 
mutants bind DNA with the same affinity forming two distinct bands on DNA substrates 
longer than 25 bases (Fig. 5.7). Only the zinc-binding mutant was unable to bind single­
stranded or double-stranded DNA in the absence of ATP. The addition of ATP however 
stimulated the binding of the zinc mutant to both single-stranded and double-stranded DNA 
(Fig. 5.8). A sim ilar observation was reported for the zinc m utant o f 
M.thermoautotrophicum MCM, where the presence of ATP increased the single-stranded 
DNA binding affinity of the mutant protein (Poplawski et al., 2001). However, the zinc 
mutant MthMCM  was able to bind ssDNA even in the absence of ATP (Poplawski et al.,
2001). There is no information available on the dsDNA binding affinity of the MthMCM  
zinc mutant protein.
The N-terminal deletion mutant of Ape MCM did not bind single-stranded or 
double-stranded DNA (Fig. 5.7) presumably because the DNA binding site of the protein is 
within the missing N-terminal part.
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5.4.2 ATPase activity
Phosphoryl transfer reactions between ATP, ADP and AMP form the central 
mechanism for energy transfer in biological systems. MCM uses the free energy from the 
hydrolysis of ATP to ADP and Pi to separate DNA duplexes into their component single 
strands (Kelman et al., 1999; Chong et al., 2000; Shechter et al., 2000; Tye, 2000; 
Poplawski et al., 2001; Carpentieri et al., 2002; Grainge et al., 2003).
To test the ATPase activity of the wild type and mutant ApeM CM  proteins, a 
colorimetric assay using the release of free phosphate was performed as described in 
Chapter 2. The reaction mixtures were incubated at 75°C for 10 min. Each reaction 
contained 60pmoles of protein per hexamer. Surprisingly, the full-length enzyme showed a 
very low activity under the conditions tested, whereas the AN256 mutant gave robust 
activity. Fig. 5.9A shows the wild type and the AN256 mutant ATPase activity in the 
presence of various concentrations of ATP. The other mutant proteins did not possess 
detectable ATPase activity. This is not surprising for the Walker B mutant. However, it is 
possible that the other mutants posses an ATPase activity which is too low to be detected.
The ATPase activity of various DNA helicases is greatly stimulated by DNA (Patel 
and Picha, 2000). Therefore, the effect of nucleic acid molecules on the ATPase hydrolysis 
catalysed by the Ape MCM was assessed (Fig. 5.9B). A significant stimulation of the 
ATPase hydrolysis of the wild type Ape MCM (but not of the AN256 mutant) was observed 
upon addition of ss or ds DNA. The DNA used in this assay was an excess of single­
stranded M l3 or salmon sperm DNA. A similar stimulation rate was detected with both 
single-stranded and double-stranded DNA. This is in agreement with the observation made 
on the euryarchaeal MCMs (Grainge et al., 2003), but in contrast to the observations on 
another creanarchaeal protein, the S.solfataricus MCM (Carpentieri et al., 2002). A report 
on the ATPase activity of S.solfataricus MCM suggested that the ATP hydrolysis is not 
affected by the presence of ss or ds DNA (Carpentieri et al., 2002). Surprisingly, ss and ds 
DNA stimulated the ATPase activity of the zinc mutant protein equally. This is in contrast 
with the observations on the zinc mutant MthMCM  protein (Poplawski et al., 2001). The 
zinc-binding mutant of MthMCM  (C 4 type) was found to possess a very low ATPase
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activity in the absence of DNA. Neither ss nor ds DNA, however, stimulated the ATPase 
activity of the mutant protein.
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5.4.3 Helicase activity
All replication helicases are unidirectional and show a strong "polarity" of 
unwinding (Patel and Picha, 2000). Most DNA helicases also require a flanking ssDNA tail 
to initiate duplex unwinding and this can be exploited to measure the direction of 
movement. In the case of 3'-5' DNA helicases (such as MCM) the ssDNA must have a 3' 
end with the opposite being true of a 5'-3' helicase. The fact that all replicative helicases 
display an unwinding polarity raises the interesting question of the mechanistic basis for 
directionality. It must, at least in part, involve ssDNA recognition because dsDNA is 
symmetrical with respect to backbone polarity. One suggestion is that the nature of the 
interaction between the helicase and the asymmetric ss/ds DNA junction can provide 
directionality (Lohman and Bjomson, 1996). Alternatively, it may simply result from a 
unidirectional translocation o f the helicase on the trailing ss DNA behind a junction 
(Kaplan, 2000; Kaplan and O’Donnell, 2002; Kaplan and O’Donnell, 2004).
In vitro studies revealed that the archaeal MCM helicase possesses biochemical 
properties similar to those of the eukaryotic MCM helicase (Kelman et al., 1999; Chong et 
al., 2000; Shechter et al., 2000; Poplawski et al., 2001; Carpentieri et al., 2002, Tye, 2000). 
These include a 3'-5' helicase activity which is dependent upon ATP, ssDNA binding and 
DNA dependent ATPase activity.
To test the helicase activity o f the Ape MCM wild type and mutants, a strand 
displacement assay was used (Matson and Richardson, 1983). A radioactively labelled 
"target" oligonucleotide is annealed to a "template" DNA strand. This assay then measures 
the ability of the helicase to displace the labelled strand from the template by following the 
alteration of its gel mobility on non-denaturing gels. Annealed and displaced strands can be 
quantified using a phosphorimager. The substrate molecule can be modified in a number of 
ways. For instance, the length of the duplex region can be altered or non-homologous 
"tails" can be added to the duplex region to investigate requirements for forked DNA 
substrates. Again, this assay is non-continuous and suffers from the disadvantage of high 
re-annealing rates after displacement if a short template strand is used. This problem can be 
circumvented by using longer templates. However, this creates a secondary problem of
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extensive uncoupled ATP hydrolysis due to the presence of a large excess of ssDNA. In all 
cases, in vitro helicase substrates are likely to differ substantially from the enzyme's natural 
substrate, a topological complex DNA that is coated with structural and regulatory proteins.
The recombinant wild type and mutant ApeMCM. proteins were tested for DNA 
helicase activity by a strand-displacement assay performed at 60°C for 30 minutes. Forked 
and blunt duplex DNA was used in these assays. Despite the poor ATPase activity of the 
full-length protein, it showed robust helicase activity on the forked DNA duplex. As 
expected, the ApeMCM  was unable to unwind the blunt DNA duplex (Fig. 5.10). The 
variation o f wild-type MCM helicase activity on the forked substrate with different 
concentrations of ATP was analysed. Controls consisted of a reaction without ATP, where 
no activity is observed, and a reaction where the substrate is boiled and placed immediately 
on ice to maximise denaturation of the DNA. As Fig. 5.10 and Fig. 5.11 shows, helicase 
activity is very low when ATP is < 5mM but higher activity is seen with the concentration 
tested at or > 5mM. The helicase activities of the wild-type and mutant proteins were 
compared. The AN256 MCM has a higher activity than the wild-type protein under these 
conditions, probably because it has a higher ATPase activity as well. These data suggest 
that the helicase activity remained coupled with the ATPase activity.
Next, the presence of the ApeORC homologues on the helicase activity of the wild 
type and deletion mutant ApeMCM  was analysed. First, two-hybrid system was used to 
assess possible interactions between ApeMCM  and^/?eORC-l and ApeORC-2 proteins (as 
described in Chapter 2 and Chapter 3). MCM self-interaction was used as a positive 
control. Positive interactions were not detected using this approach (Fig. 5.12). Next, the 
helicase assay with Ape MCM was performed in the presence of ORC-1 and ORC-2 
proteins. As Fig. 5.13 shows full length ORC-2 and Domain III of ORC-2 inhibit the 
helicase activity of the wild type MCM, but not the helicase activity of AN256 MCM. This 
is in agreement with the observation that the main contact between MCM and ORC-2 is via 
the N-terminal portion o f MCM protein and the winged helix domain of ORC-2 
(Kasiviswanathan et al., 2005). ORC-1 protein also inhibited the helicase activity of the 
wild type MCM, but not of the AN256 MCM. However, even Domain I+II of ORC-1
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inhibited the helicase activity of MCM. This suggests that may be within Domain I+II there 
is another MCM interaction site.
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5.5 Conclusions and future work
The minichromosome maintenance (MCM) complex is believed to function as the 
replicative helicase of Eukarya and Archaea, suggesting that it is the functional homologue 
of the bacterial DnaB protein (Ishimi, 1997; Tye, 1999; Tye, 2000). In Eukarya, MCM is a 
family of six proteins (MCM2-7) with highly conserved amino acid sequences between the 
six different polypeptides (Tye, 1999). In archaea, a single MCM homologue has been 
identified in most of the organisms studied (Kelman and Kelman, 2003; Grabowski and 
Kelman, 2003). The core region of the archaeal and eukaryal MCM sequences show a 
higher level of similarity and contains the four amino acid motifs typically found in the 
DNA helicases (Koonin, 1993). This includes the Walker A and Walker B motifs 
responsible for nucleotide binding and hydrolysis, respectively (Walker et al., 1982). The 
primary amino acid sequences of the eukaryotic and archaeal MCM proteins contain a 
putative zinc-binding motif (Tye, 1999; Poplawski et al., 2001). A zinc-binding motif of 
C4-type has been identified in all eukaryotic and euryarchaeal organisms for which the 
complete genome is known (Kearsey and Labib, 1998; Tye, 1999; Poplawski et al., 2001). 
Mutation at the second cysteine residue o f the zinc-binding m otif o f C4-type results in 
reduced zinc-binding, DNA binding and helicase activity (Poplawski et al., 2001). In 
contrast to the euryarchaeal species, the crenarchaeal ones contain a zinc-binding motif of 
C3-type. Archaeal and eukaryotic MCMs contain also a conserved arginine finger motif 
(SRF). Studies on the individual subunits from the eukaryotic MCM2-7 complex 
demonstrated that their ATP sites are located at the interface of the subunits (Davey et al., 
2003; Ogura et al., 2004). The individual MCM subunits do not possess a significant ATP 
activity even though each one has an ATP binding site (Davey et al., 2003). However, 
certain pairs of MCM proteins have an ATPase activity (Davey et al., 2003). Examination 
of these ATPase pairs revealed that one MCM subunit binds ATP and the neighbouring 
subunit contributes a catalytic arginine residue (Davey et al., 2003).
The analysis of A.pernix genome revealed a presence of a single MCM homologue 
(Kawarabayasi et al., 1999). Sequence alignment of A.pernix MCM and MCM homologues 
from other archaeal organisms confirmed the presence of all four motifs described above.
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Conserved residues from these motifs were mutated and the biochemical properties of the 
mutants were investigated in comparison to the wild type protein. Biochemical studies with 
the MCM proteins from. M.thermoautotrophicus (Kelman et al., 1999; Chong et al., 2000; 
Shechter et al., 2000; Poplawski et al., 2001; Kasiviswanathan et al., 2005); A.fulgidus 
(Grainge et al., 2003) and S.solfataricus (Carpentieri et al., 2002) revealed that these 
enzymes possess biochemical properties similar to those o f the eukaryotic MCM4,6,7 
complex including 3’-5’ helicase, ssDNA binding and DNA-dependent ATPase activities. 
To investigate the biochemical properties of the wild type and mutant ApeMCM. proteins, 
they were expressed in E.coli and purified using HiTrap Heparin and MonoQ columns. All 
purified proteins migrated as a Coomassie blue-stained protein bands of a predicted size 
(80kDa) in a 12% SDS-polyacrylamide gel. Gel filtration analyses performed on Superdex 
S200 (16/60) column suggest that wild type and mutant proteins form single hexamers in 
solution. The oligomeric state of the proteins was not affected by the addition of ATP or 
single-stranded or double-stranded DNA (Ian Grainge). With the exception of the zinc- 
binding mutant, all other proteins were able to bind single-stranded and double-stranded 
DNA of different shapes in the absence of ATP. This suggests that the ATP hydrolysis is 
required for a function that occurs after the formation of the DNA-MCM complex. One 
possible requirement for ATP hydrolysis is for the translocation of the protein around the 
DNA molecule, which may be required for the MCMs to identify an origin marked by 
ORC. Previous studies on the M.thermoautotrophicus MCM have shown that the protein 
forms dodecamers in solution (Kelman et al., 1999; Chong et al., 2000; Shechter et al., 
2000). The S.pombe MCM4,6,7 complex was also shown to form double hexamers but only 
in the presence of a flayed DNA substrate (Lee and Hurwitz, 2001). Interestingly, gel 
mobility shift analysis indicated that S.pombe MCM forms a faster migrating band that was 
shown to be a hexamer and slower migrating band that was shown to be a double hexamer 
(Lee and Hurwitz, 2001). These observations are similar to the gel mobility shift assays 
presented here, in which wild type and mutant proteins formed faster and a slower 
migrating band in the presence of DNA substrates longer than 25 bases. Although binding 
to a variety of DNA structures was analysed, there was very little variation in binding 
efficiency between them, with the exception of those containing a single-stranded bubble
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flanked by duplex DNA. Cooperative binding between hexamers was observed on bubble 
substrates that are absent on the other DNA substrates. The size of the single-stranded 
region of the bubble affects the degree of cooperativity. With the increase of the single­
stranded bubble region, the degree of cooperativity increased. This suggests that a bubble 
substrate is a preferred ligand for the MCM hexamer. Unlike the wild type protein, the zinc 
binding mutant and the N-terminal deletion mutant AN256 were unable to bind single- or 
double-stranded DNA in the absence of ATP. Upon addition of 5mM ATP, however, the 
zinc-binding mutant was able to bind single-stranded and double-stranded DNA with a 
similar affinity as the wild-type protein, and when bound to a longer DNA substrate (T30 
bubble) it forms two bands. This suggests that nucleotide binding might stabilise the mutant 
protein. Binding of AN256 mutant to single- or double-stranded DNA was not detected. 
This suggests that the region involved in the ss and ds DNA binding is within the N 
terminal 1-256 amino acids of the protein. Studies on M/^MCM revealed that the N- 
terminus o f the protein contains three domains. Domain A is needed for dsDNA 
translocation and is believed to have a regulatory function, while domain C is necessary 
and sufficient for MCM multimerisation and helicase activity (Kasiviswanathan et al., 
2004). Domain B is the major contact with ssDNA and contains the zinc-binding motif. 
Sequence alignment of MthMCM  and Ape MCM indicated that AN256 mutant contains only 
a very small part of the C-domain observed in M thM C M  (about 50 amino acids) 
(Kasiviswanathan et al., 2004). Thus, it is not surprising that the mutant protein did not 
bind single- or double-stranded DNA.
Next, the ATPase activity of wild type and mutant proteins was investigated using a 
colorimetric assay, which detects the release of free phosphate (Lanzetta et al., 1979). The 
wild type protein showed a very low activity under the condition tested, whereas the AN256 
mutant showed much higher activity. The ATPase activity of the wild type protein was 
stimulated by the presence of single- and double-stranded DNA. Similar data were obtained 
for ATP hydrolysis of MthMCM  and AjM CM (Kelman et al., 1999; Chong et al., 2000; 
Shechter et al., 2000; Grainge et al., 2003). In contrast, MCM from the crenarchaeal 
S.solfataricus was found to exhibit a robust ATPase activity, which was not stimulated by 
the presence of DNA (Carpentieri et al., 2002). This is quite surprising, because the
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hydrolysis of ATP (or other nucleotides) by the DNA helicases is usually enhanced if 
nucleic acids are present (Patel et al., 1992; Washington et al., 1996; Stitt and Xu, 1998; 
Patel and Picha, 2000). Surprisingly, the AN256 mutant showed much higher ATPase 
activity, which as expected, was not stimulated by the presence of DNA. This suggests that 
the N-terminal part (residues 1-286) of the protein might conceal the ATP site and this site 
becomes more accessible when the protein binds DNA or if the N-terminal part is deleted. 
Similar observations were reported for A.fulgidus MCM, where deletion of 111 amino acids 
of the N-terminus increased the ATPase activity (Grainge et al., 2003). Walker A mutant 
did not possess any detectable ATPase activity which suggests that nucleotide binding is 
essential for the ATPase activity of the Ape MCM. Similar observations were made with the 
Walker A mutants of MthMCM  (Chong et al., 2000) and SsMCM (Carpentieri et al., 2002). 
Walker B motif was shown to be important for nucleotide hydrolysis in several enzymes 
(Pause and Sonenberg, 1992; Story and Steitz, 1992) therefore it was not surprising that the 
Walker B mutant of Ape MCM did not possess an ATPase activity. The arginine finger 
mutant did not possess any detectable ATPase activity. This suggests that in Ape MCM, 
similarly to the eukaryotic MCM2-7 complex, the ATP binding and/or hydrolysis sites 
might be located at the subunit interface. One MCM subunit binds ATP and the 
neighbouring subunit contributes a catalytic arginine residue (Davey et al., 2003). The zinc- 
binding mutant did not show any detectable ATPase activity in the absence of DNA. The 
presence of single- and double-stranded DNA, however, stimulated the ATPase activity of 
the mutant protein. These observations are in contrast to the one made with the zinc- 
binding mutant of M thM CM  (Poplawski et al., 2001). The zinc-binding mutant of 
MthMCM  possesses ATPase activity in the absence of DNA, albeit lower that the wild type 
(Poplawski et al., 2001). Neither ssDNA nor dsDNA stimulated the ATPases of the mutant 
protein (Poplawski et al., 2001). Future work in the lab could involve examination of the 
ATP binding activity of wild type and mutant proteins.
Next, the helicase activity of wild type and mutant Ape  MCM proteins was 
examined. Wild type protein showed robust helicase activity on flayed duplex DNA. A 
variation of MCM helicase activity was observed with this substrate with different 
concentrations of ATP. Helicase activity was higher when ATP concentrations higher than
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5mM were used. The wild type protein was unable to unwind a blunt duplex DNA 
substrate, which suggests that ApeMCM  requires a single-stranded tail to unwind DNA. 
The helicase activities of wild type and mutant proteins were compared using the flayed 
duplex substrate. Interestingly, the AN256 mutant showed a robust helicase activity despite 
the fact that it did not bind single- or double-stranded DNA. This suggests that the mutant 
protein might be able to bind DNA but may not form a stable protein-DNA complex, that 
could be detected by the mobility band shift assay. Walker A, Walker B and arginine 
mutant proteins did not possess helicase activities. This is not surprising because they did 
not possess any detectable ATPase activity either. A limited helicase activity was detected 
with the zinc mutant, which suggests that the zinc-binding site of ApeMCM  is needed for 
helicase activity.
Next, the presence of the ApeORC homologues on the helicase activity of the wild 
type and A256 mutant of ApeMCM  was analysed. Although direct interactions between 
these proteins were not detected with the yeast two-hybrid system, ORC-1 and ORC-2 
inhibited the helicase activity of the wild type protein. Moreover, the winged helix Domain 
III of both ORC proteins was required for the inhibitory activity. This domain is also 
needed for interactions with DNA. Several mechanisms of inhibition are possible, including 
binding of the ORC homologues to MCM and to DNA, thus preventing the helicase from 
translocating along the DNA, a conformational change in MCM, or destabilising of the 
MCM interaction with DNA. It is also possible that the two ORC homologues inhibit MCM 
helicase activity by direct interaction with DNA, thus preventing MCM binding. The 
requirement for an intact winged-helix motif for efficient inhibition also supports the notion 
that the inhibition might be due to DNA binding. It is also possible that direct interactions 
between MCM and the two ORC proteins may be required for the inhibition of helicase 
activity, although these interactions were not detected by the two-hybrid system. These 
observations will be similar to the inhibition observed in bacteria in which direct protein- 
protein interactions between DnaB and DnaC are needed for the inhibition of the helicase 
activity of the protein (Wahle et al., 1989; Lee and Bell, 2000). Direct interactions between 
MCM and the ORC homologues were observed in M .therm oauto troph icum  and 
S.solfataricus (Shin et al., 2003a and b; De Felice et al., 2003). It has been proposed that
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the N-terminal portion of MCM interacts with the winged helix domain of ORC-1 and 
ORC-2 (Kasiviswanathan et al., 2004; Kasiviswanathan et al., 2005). In agreement with 
this, the helicase activity of the A256 mutant was not inhibited neither by ORC-1 nor by 
ORC-2. Interestingly Domain I+II of ORC-1 was also able to inhibit the helicase activity of 
the wild type MCM, which suggests that apart from the winged helix domain, there is 
probably another MCM interaction site within Domain I+II of ORC-1. Future work in the 
lab could involve isothermal titration calorimetry and analytical ultracentrifuge analyses for 
a further characterisation of the protein-protein interactions between these archaeal 
proteins.
References 231
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